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Abstract	 ﾠ	 ﾠ
Numerous	 ﾠ transcription	 ﾠ factors	 ﾠ (TFs)	 ﾠ encode	 ﾠ information	 ﾠ about	 ﾠ upstream	 ﾠ
signals	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠtheir	 ﾠactivation,	 ﾠbut	 ﾠhow	 ﾠdownstream	 ﾠgenes	 ﾠdecode	 ﾠthese	 ﾠ
dynamics	 ﾠ remains	 ﾠ poorly	 ﾠ understood.	 ﾠ Using	 ﾠ microfluidics	 ﾠ to	 ﾠ control	 ﾠ the	 ﾠ
nucleocytoplasmic	 ﾠ translocation	 ﾠ dynamics	 ﾠ of	 ﾠ the	 ﾠ budding	 ﾠ yeast	 ﾠ TF	 ﾠ Msn2,	 ﾠ we	 ﾠ
elucidate	 ﾠ the	 ﾠ principles	 ﾠ that	 ﾠ govern	 ﾠ how	 ﾠ different	 ﾠ promoters	 ﾠ convert	 ﾠ dynamical	 ﾠ
Msn2	 ﾠinput	 ﾠinto	 ﾠgene	 ﾠexpression	 ﾠoutput	 ﾠin	 ﾠsingle	 ﾠcells.	 ﾠCombining	 ﾠmodeling	 ﾠand	 ﾠ
experiments,	 ﾠwe	 ﾠclassify	 ﾠpromoters	 ﾠaccording	 ﾠto	 ﾠtheir	 ﾠsignal-ﾭ‐processing	 ﾠbehavior	 ﾠ
and	 ﾠreveal	 ﾠthat	 ﾠmultiple,	 ﾠdistinct	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠcan	 ﾠbe	 ﾠencoded	 ﾠin	 ﾠthe	 ﾠ
dynamics	 ﾠof	 ﾠMsn2.	 ﾠWe	 ﾠshow	 ﾠthat	 ﾠboth	 ﾠoscillatory	 ﾠTF	 ﾠdynamics	 ﾠand	 ﾠslow	 ﾠpromoter	 ﾠ
kinetics	 ﾠlead	 ﾠto	 ﾠhigher	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression.	 ﾠFurthermore,	 ﾠwe	 ﾠshow	 ﾠthat	 ﾠthe	 ﾠ
promoter	 ﾠactivation	 ﾠtimescale	 ﾠis	 ﾠrelated	 ﾠto	 ﾠnucleosome	 ﾠremodeling.	 ﾠOur	 ﾠfindings	 ﾠ
imply	 ﾠ a	 ﾠ fundamental	 ﾠ trade-ﾭ‐off:	 ﾠ although	 ﾠ the	 ﾠ cell	 ﾠ can	 ﾠ exploit	 ﾠ different	 ﾠ promoter	 ﾠ
classes	 ﾠto	 ﾠdifferentially	 ﾠcontrol	 ﾠgene	 ﾠexpression	 ﾠusing	 ﾠTF	 ﾠdynamics,	 ﾠgene	 ﾠexpression	 ﾠ
noise	 ﾠfundamentally	 ﾠlimits	 ﾠhow	 ﾠmuch	 ﾠinformation	 ﾠcan	 ﾠbe	 ﾠencoded	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠ
of	 ﾠa	 ﾠsingle	 ﾠTF	 ﾠand	 ﾠreliably	 ﾠdecoded	 ﾠby	 ﾠpromoters.	 ﾠ
	 ﾠ
	 ﾠ
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INTRODUCTION	 ﾠ
To	 ﾠ survive	 ﾠ in	 ﾠ a	 ﾠ changing	 ﾠ environment,	 ﾠ cells	 ﾠ must	 ﾠ be	 ﾠ able	 ﾠ to	 ﾠ sense	 ﾠ the	 ﾠ
environment	 ﾠand	 ﾠtransmit	 ﾠthis	 ﾠinformation	 ﾠthrough	 ﾠsignal	 ﾠtransduction	 ﾠcascades	 ﾠto	 ﾠ
transcription	 ﾠfactors	 ﾠ(TFs),	 ﾠwhich	 ﾠthen	 ﾠinitiate	 ﾠa	 ﾠsuitable	 ﾠgene	 ﾠexpression	 ﾠresponse.	 ﾠ
Whereas	 ﾠ downstream	 ﾠ responses	 ﾠ to	 ﾠ signaling	 ﾠ have	 ﾠ typically	 ﾠ been	 ﾠ understood	 ﾠ as	 ﾠ
consequences	 ﾠof	 ﾠthe	 ﾠstrength	 ﾠor	 ﾠamplitude	 ﾠof	 ﾠthe	 ﾠsignal,	 ﾠemerging	 ﾠevidence	 ﾠsuggests	 ﾠ
that	 ﾠ additional	 ﾠ information	 ﾠ can	 ﾠ be	 ﾠ encoded	 ﾠ in	 ﾠ the	 ﾠ temporal	 ﾠ dynamics	 ﾠ of	 ﾠ these	 ﾠ
signals	 ﾠ(Behar	 ﾠand	 ﾠHoffmann,	 ﾠ2010;	 ﾠPurvis	 ﾠand	 ﾠLahav,	 ﾠ2013).	 ﾠ	 ﾠ
Several	 ﾠmammalian	 ﾠTFs	 ﾠexhibit	 ﾠcomplex	 ﾠand	 ﾠsignal	 ﾠdependent	 ﾠdynamics.	 ﾠFor	 ﾠ
example,	 ﾠNF-ﾭ‐kB,	 ﾠinvolved	 ﾠin	 ﾠcontrolling	 ﾠinflammation,	 ﾠundergoes	 ﾠnucleocytoplasmic	 ﾠ
oscillations	 ﾠin	 ﾠresponse	 ﾠto	 ﾠtumor	 ﾠnecrosis	 ﾠfactor-ﾭ‐a	 ﾠ(TNFα),	 ﾠbut	 ﾠsustained	 ﾠnuclear	 ﾠ
localization	 ﾠin	 ﾠresponse	 ﾠto	 ﾠbacterial	 ﾠlipopolysaccharides	 ﾠ(LPSs)	 ﾠ(Nelson	 ﾠet	 ﾠal,	 ﾠ2004;	 ﾠ
Covert	 ﾠet	 ﾠal,	 ﾠ2005;	 ﾠWerner	 ﾠet	 ﾠal,	 ﾠ2005).	 ﾠThus,	 ﾠNF-ﾭ‐kB	 ﾠtranslocation	 ﾠdynamics	 ﾠencode	 ﾠ
the	 ﾠsignal	 ﾠidentity	 ﾠ(TNFα	 ﾠor	 ﾠLPS).	 ﾠSimilarly,	 ﾠthe	 ﾠtumor	 ﾠsuppressor	 ﾠTF	 ﾠp53	 ﾠundergoes	 ﾠ
a	 ﾠdose-ﾭ‐dependent	 ﾠnumber	 ﾠof	 ﾠnuclear	 ﾠpulses	 ﾠin	 ﾠresponse	 ﾠto	 ﾠDNA	 ﾠbreaks,	 ﾠbut	 ﾠa	 ﾠsingle	 ﾠ
sustained	 ﾠ pulse	 ﾠ with	 ﾠ dose-ﾭ‐dependent	 ﾠ amplitude	 ﾠ and	 ﾠ duration	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ UV	 ﾠ
irradiation	 ﾠ(Lahav	 ﾠet	 ﾠal,	 ﾠ2004;	 ﾠBatchelor	 ﾠet	 ﾠal,	 ﾠ2011).	 ﾠThus,	 ﾠp53	 ﾠdynamics	 ﾠencode	 ﾠ
both	 ﾠthe	 ﾠdose	 ﾠ(severity)	 ﾠand	 ﾠthe	 ﾠidentity	 ﾠof	 ﾠthe	 ﾠstress.	 ﾠSimilarly,	 ﾠtwo	 ﾠTF	 ﾠisoforms	 ﾠof	 ﾠ
NFAT	 ﾠalso	 ﾠexhibit	 ﾠdistinct	 ﾠdynamics	 ﾠin	 ﾠresponse	 ﾠto	 ﾠdifferent	 ﾠstimuli	 ﾠ(Yissachar	 ﾠet	 ﾠal,	 ﾠ
2013).	 ﾠ
The	 ﾠactivities	 ﾠof	 ﾠbudding	 ﾠyeast	 ﾠTFs	 ﾠalso	 ﾠappear	 ﾠto	 ﾠbe	 ﾠdynamically	 ﾠregulated.	 ﾠIn	 ﾠ
response	 ﾠto	 ﾠcalcium,	 ﾠthe	 ﾠTF	 ﾠCrz1	 ﾠexhibits	 ﾠshort	 ﾠbursts	 ﾠof	 ﾠnuclear	 ﾠlocalization,	 ﾠwhere	 ﾠ
the	 ﾠduration	 ﾠis	 ﾠfixed	 ﾠbut	 ﾠthe	 ﾠfrequency	 ﾠis	 ﾠdose-ﾭ‐dependent	 ﾠ(Cai	 ﾠet	 ﾠal,	 ﾠ2008).	 ﾠMsn2,	 ﾠa	 ﾠ
zinc-ﾭ‐finger	 ﾠ TF	 ﾠ and	 ﾠ regulator	 ﾠ of	 ﾠ the	 ﾠ yeast	 ﾠ multi-ﾭ‐stress	 ﾠ response,	 ﾠ also	 ﾠ exhibits	 ﾠ
oscillatory	 ﾠtranslocation	 ﾠdynamics	 ﾠ(Jacquet	 ﾠet	 ﾠal,	 ﾠ2003;	 ﾠPetrenko	 ﾠet	 ﾠal,	 ﾠ2013).	 ﾠThe	 ﾠ
identity	 ﾠ and	 ﾠ dose	 ﾠ (severity)	 ﾠ of	 ﾠ three	 ﾠ distinct	 ﾠ stresses	 ﾠ are	 ﾠ encoded	 ﾠ in	 ﾠ the	 ﾠ
translocation	 ﾠdynamics	 ﾠof	 ﾠMsn2:	 ﾠin	 ﾠresponse	 ﾠto	 ﾠglucose	 ﾠstarvation,	 ﾠMsn2	 ﾠexhibits	 ﾠ
short	 ﾠbursts	 ﾠof	 ﾠnuclear	 ﾠlocalization	 ﾠwith	 ﾠdose-ﾭ‐dependent	 ﾠfrequency;	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ
osmotic	 ﾠstress,	 ﾠMsn2	 ﾠtranslocates	 ﾠto	 ﾠthe	 ﾠnucleus	 ﾠwith	 ﾠa	 ﾠsingle	 ﾠinitial	 ﾠpeak	 ﾠwith	 ﾠdose-ﾭ‐
dependent	 ﾠ duration;	 ﾠ and	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ oxidative	 ﾠ stress,	 ﾠ Msn2	 ﾠ shows	 ﾠ sustained	 ﾠ
nuclear	 ﾠlocalization	 ﾠwith	 ﾠdose-ﾭ‐dependent	 ﾠamplitude	 ﾠ(Hao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠ	 ﾠ
Although	 ﾠit	 ﾠis	 ﾠclear	 ﾠthat	 ﾠdiverse	 ﾠsignals	 ﾠare	 ﾠencoded	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠNF-ﾭ‐kB,	 ﾠ
p53,	 ﾠ NFAT,	 ﾠ Crz1,	 ﾠ Msn2,	 ﾠ and	 ﾠ many	 ﾠ other	 ﾠ TFs	 ﾠ (Purvis	 ﾠ and	 ﾠ Lahav,	 ﾠ 2013),	 ﾠ we	 ﾠ	 ﾠ 4	 ﾠ
understand	 ﾠ little	 ﾠ about	 ﾠ how	 ﾠ these	 ﾠ signals	 ﾠ are	 ﾠ decoded	 ﾠ by	 ﾠ gene	 ﾠ promoters	 ﾠ and	 ﾠ
converted	 ﾠ into	 ﾠ gene	 ﾠ expression	 ﾠ programs.	 ﾠ For	 ﾠ example,	 ﾠ do	 ﾠ genes	 ﾠ differ	 ﾠ in	 ﾠ their	 ﾠ
sensitivity	 ﾠ to	 ﾠ TF	 ﾠ dynamics?	 ﾠ And	 ﾠ if	 ﾠ so,	 ﾠ what	 ﾠ are	 ﾠ the	 ﾠ quantitative	 ﾠ principles	 ﾠ that	 ﾠ
govern	 ﾠ this	 ﾠ input–output	 ﾠ relationship?	 ﾠ Studies	 ﾠ suggest	 ﾠ that	 ﾠ TF	 ﾠ dynamics	 ﾠ can	 ﾠ
influence	 ﾠthe	 ﾠgene	 ﾠexpression	 ﾠresponse.	 ﾠFor	 ﾠexample,	 ﾠp53	 ﾠdynamics	 ﾠmay	 ﾠaffect	 ﾠcell	 ﾠ
fate	 ﾠthrough	 ﾠdifferential	 ﾠgene	 ﾠregulation:	 ﾠp53	 ﾠpulses	 ﾠinduce	 ﾠonly	 ﾠDNA	 ﾠrepair	 ﾠgenes,	 ﾠ
whereas	 ﾠ a	 ﾠ single,	 ﾠ sustained	 ﾠ p53	 ﾠ pulse	 ﾠ leads	 ﾠ to	 ﾠ higher	 ﾠ expression	 ﾠ of	 ﾠ senescence	 ﾠ
genes	 ﾠ(Purvis	 ﾠet	 ﾠal,	 ﾠ2012).	 ﾠSimilarly,	 ﾠwhereas	 ﾠsome	 ﾠNF-ﾭ‐kB	 ﾠtarget	 ﾠgenes	 ﾠfilter	 ﾠout	 ﾠlow	 ﾠ
TNFα	 ﾠ concentrations,	 ﾠ others	 ﾠ activate	 ﾠ fully	 ﾠ even	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ low	 ﾠ TNFα	 ﾠ
concentrations	 ﾠ(Ashall	 ﾠet	 ﾠal,	 ﾠ2009;	 ﾠGiorgetti	 ﾠet	 ﾠal,	 ﾠ2010;	 ﾠTay	 ﾠet	 ﾠal,	 ﾠ2010).	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠ
of	 ﾠCrz1,	 ﾠas	 ﾠthe	 ﾠfrequency	 ﾠof	 ﾠnuclear	 ﾠlocalization	 ﾠbursts	 ﾠincreases,	 ﾠthe	 ﾠratio	 ﾠof	 ﾠthe	 ﾠ
majority	 ﾠof	 ﾠthe	 ﾠinduced	 ﾠgenes	 ﾠis	 ﾠheld	 ﾠconstant	 ﾠas	 ﾠthe	 ﾠgene	 ﾠexpression	 ﾠincreases	 ﾠ(Cai	 ﾠ
et	 ﾠal,	 ﾠ2008).	 ﾠ
In	 ﾠmost	 ﾠprevious	 ﾠstudies,	 ﾠdistinct	 ﾠstimuli	 ﾠ(e.g.,	 ﾠTNFα	 ﾠor	 ﾠLPS)	 ﾠwere	 ﾠrequired	 ﾠto	 ﾠ
induce	 ﾠ distinct	 ﾠ TF	 ﾠ dynamics	 ﾠ (e.g.,	 ﾠ oscillations	 ﾠ or	 ﾠ a	 ﾠ sustained	 ﾠ pulse);	 ﾠ since	 ﾠ these	 ﾠ
stimuli	 ﾠcan	 ﾠactivate	 ﾠa	 ﾠlarge	 ﾠnumber	 ﾠof	 ﾠother	 ﾠfactors	 ﾠor	 ﾠresponses,	 ﾠit	 ﾠis	 ﾠdifficult	 ﾠto	 ﾠ
establish	 ﾠthat	 ﾠdifferential	 ﾠgene	 ﾠregulation	 ﾠis	 ﾠcaused	 ﾠby	 ﾠTF	 ﾠdynamics	 ﾠinstead	 ﾠof	 ﾠjust	 ﾠ
being	 ﾠ correlated	 ﾠ with	 ﾠ TF	 ﾠ dynamics.	 ﾠ To	 ﾠ overcome	 ﾠ this	 ﾠ limitation,	 ﾠ we	 ﾠ previously	 ﾠ
developed	 ﾠ a	 ﾠ chemical	 ﾠ genetic	 ﾠ system	 ﾠ that	 ﾠ permits	 ﾠ direct	 ﾠ control	 ﾠ of	 ﾠ Msn2	 ﾠ
translocation	 ﾠdynamics.	 ﾠUsing	 ﾠthis	 ﾠexperimental	 ﾠset-ﾭ‐up	 ﾠand	 ﾠmodeling	 ﾠstudies,	 ﾠwe	 ﾠ
investigated	 ﾠhow	 ﾠMsn2	 ﾠdynamics	 ﾠaffects	 ﾠexpression	 ﾠof	 ﾠa	 ﾠsingle	 ﾠsynthetic	 ﾠreporter	 ﾠ
gene	 ﾠ and	 ﾠ predicted	 ﾠ that	 ﾠ promoter	 ﾠ activation	 ﾠ kinetics	 ﾠ influence	 ﾠ the	 ﾠ response	 ﾠ to	 ﾠ
dynamic	 ﾠTF	 ﾠinputs	 ﾠ(Hao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠHowever,	 ﾠthe	 ﾠextent	 ﾠto	 ﾠwhich	 ﾠdifferent	 ﾠ
promoters	 ﾠcan	 ﾠdifferentially	 ﾠdecode	 ﾠMsn2	 ﾠdynamics	 ﾠis	 ﾠnot	 ﾠclear.	 ﾠ
Moreover,	 ﾠprevious	 ﾠstudies	 ﾠused	 ﾠpopulation-ﾭ‐averaged	 ﾠtechniques	 ﾠ(e.g.,	 ﾠqPCR	 ﾠor	 ﾠ
microarrays)	 ﾠthat	 ﾠcannot	 ﾠprovide	 ﾠinformation	 ﾠabout	 ﾠthe	 ﾠeffect	 ﾠof	 ﾠTF	 ﾠdynamics	 ﾠon	 ﾠ
gene	 ﾠ regulation	 ﾠ in	 ﾠ individual	 ﾠ cells.	 ﾠ This	 ﾠ is	 ﾠ an	 ﾠ important	 ﾠ limitation	 ﾠ because	 ﾠ gene	 ﾠ
expression	 ﾠis	 ﾠa	 ﾠstochastic	 ﾠprocess,	 ﾠsuch	 ﾠthat	 ﾠsurprisingly	 ﾠlarge	 ﾠdifferences	 ﾠcan	 ﾠexist	 ﾠ
between	 ﾠotherwise	 ﾠgenetically	 ﾠidentical	 ﾠcells	 ﾠ(Elowitz	 ﾠet	 ﾠal,	 ﾠ2002;	 ﾠRaser	 ﾠand	 ﾠO’Shea,	 ﾠ
2004;	 ﾠNewman	 ﾠet	 ﾠal,	 ﾠ2006;	 ﾠRaj	 ﾠet	 ﾠal,	 ﾠ2006;	 ﾠRaj	 ﾠand	 ﾠvan	 ﾠOudenaarden,	 ﾠ2008;	 ﾠLionnet	 ﾠ
and	 ﾠSinger,	 ﾠ2012).	 ﾠAlthough	 ﾠcells	 ﾠcan	 ﾠexploit	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠthrough	 ﾠbet-ﾭ‐
hedging	 ﾠsuch	 ﾠas	 ﾠin	 ﾠbacterial	 ﾠpersistence	 ﾠ(Balaban	 ﾠet	 ﾠal,	 ﾠ2004),	 ﾠnoise	 ﾠis	 ﾠby	 ﾠand	 ﾠlarge	 ﾠ
detrimental	 ﾠto	 ﾠthe	 ﾠcell:	 ﾠgiven	 ﾠa	 ﾠparticular	 ﾠsignal,	 ﾠa	 ﾠspecific	 ﾠgene	 ﾠexpression	 ﾠresponse	 ﾠ	 ﾠ 5	 ﾠ
is	 ﾠgenerally	 ﾠoptimal.	 ﾠThus,	 ﾠeven	 ﾠif	 ﾠinformation	 ﾠabout	 ﾠsignal	 ﾠdose	 ﾠand	 ﾠidentity	 ﾠcan	 ﾠ
reliably	 ﾠbe	 ﾠencoded	 ﾠin	 ﾠTF	 ﾠdynamics,	 ﾠthe	 ﾠinformation	 ﾠtransfer	 ﾠwill	 ﾠbe	 ﾠfundamentally	 ﾠ
limited	 ﾠ by	 ﾠ the	 ﾠ fidelity	 ﾠ with	 ﾠ which	 ﾠ TF	 ﾠ dynamics	 ﾠ is	 ﾠ subsequently	 ﾠ decoded	 ﾠ by	 ﾠ
promoters	 ﾠ (Brennan	 ﾠ et	 ﾠ al,	 ﾠ 2012).	 ﾠ Hence,	 ﾠ to	 ﾠ understand	 ﾠ how	 ﾠ much	 ﾠ of	 ﾠ the	 ﾠ
information	 ﾠencoded	 ﾠin	 ﾠTF	 ﾠdynamics	 ﾠis	 ﾠlost	 ﾠdue	 ﾠto	 ﾠgene	 ﾠexpression	 ﾠnoise,	 ﾠa	 ﾠdetailed	 ﾠ
single-ﾭ‐cell	 ﾠstudy	 ﾠis	 ﾠrequired.	 ﾠ	 ﾠ
To	 ﾠ explore	 ﾠ and	 ﾠ understand	 ﾠ the	 ﾠ relationship	 ﾠ between	 ﾠ TF	 ﾠ dynamics,	 ﾠ gene	 ﾠ
expression	 ﾠand	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠoutput,	 ﾠwe	 ﾠdevelop	 ﾠa	 ﾠmethod	 ﾠintegrating	 ﾠ
high-ﾭ‐throughput	 ﾠmicrofluidics	 ﾠand	 ﾠquantitative	 ﾠtime-ﾭ‐lapse	 ﾠmicroscopy	 ﾠto	 ﾠartificially	 ﾠ
control	 ﾠthe	 ﾠtranslocation	 ﾠdynamics	 ﾠof	 ﾠMsn2	 ﾠand	 ﾠmeasure	 ﾠgene	 ﾠexpression	 ﾠof	 ﾠseveral	 ﾠ
Msn2	 ﾠtarget	 ﾠgenes	 ﾠat	 ﾠthe	 ﾠsingle-ﾭ‐cell	 ﾠlevel.	 ﾠCombining	 ﾠmodeling	 ﾠand	 ﾠexperiments,	 ﾠwe	 ﾠ
predict	 ﾠand	 ﾠverify	 ﾠthat	 ﾠby	 ﾠcontrolling	 ﾠMsn2	 ﾠdynamics	 ﾠit	 ﾠis	 ﾠpossible	 ﾠto	 ﾠdifferentially	 ﾠ
express	 ﾠgenes.	 ﾠWe	 ﾠshow	 ﾠthat,	 ﾠin	 ﾠtheory,	 ﾠfour	 ﾠdifferent	 ﾠpromoter	 ﾠclasses	 ﾠare	 ﾠpossible	 ﾠ
such	 ﾠthat	 ﾠfour	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠcan	 ﾠbe	 ﾠencoded	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠ
TF.	 ﾠWe	 ﾠfind	 ﾠthat,	 ﾠin	 ﾠgeneral,	 ﾠoscillatory	 ﾠTF	 ﾠinput	 ﾠleads	 ﾠto	 ﾠhigher	 ﾠnoise	 ﾠthan	 ﾠsingle	 ﾠ
pulse	 ﾠinput	 ﾠand	 ﾠalso	 ﾠthat	 ﾠsome	 ﾠpromoter	 ﾠclasses	 ﾠexhibit	 ﾠdramatically	 ﾠhigher	 ﾠlevels	 ﾠ
of	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠthan	 ﾠothers	 ﾠas	 ﾠa	 ﾠresult	 ﾠof	 ﾠa	 ﾠslow	 ﾠpromoter	 ﾠtransition	 ﾠ
step,	 ﾠwhich	 ﾠwe	 ﾠshow	 ﾠis	 ﾠrelated	 ﾠto	 ﾠslow	 ﾠpromoter	 ﾠnucleosome	 ﾠremodeling.	 ﾠThus,	 ﾠ
there	 ﾠis	 ﾠa	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠachieving	 ﾠlow	 ﾠnoise	 ﾠand	 ﾠdifferential	 ﾠgene	 ﾠexpression.	 ﾠ
Taken	 ﾠ together,	 ﾠ we	 ﾠ provide	 ﾠ a	 ﾠ systematic	 ﾠ dissection	 ﾠ of	 ﾠ the	 ﾠ extent	 ﾠ to	 ﾠ which	 ﾠ TF	 ﾠ
dynamics	 ﾠcontrols	 ﾠgene	 ﾠexpression	 ﾠand	 ﾠnoise.	 ﾠ	 ﾠ 6	 ﾠ
RESULTS	 ﾠ	 ﾠ
Identification	 ﾠof	 ﾠspecific	 ﾠtarget	 ﾠgenes	 ﾠof	 ﾠMsn2	 ﾠ
We	 ﾠemployed	 ﾠa	 ﾠchemical	 ﾠgenetic	 ﾠstrategy	 ﾠto	 ﾠcontrol	 ﾠthe	 ﾠnuclear	 ﾠlocalization	 ﾠand	 ﾠ
activity	 ﾠof	 ﾠMsn2	 ﾠ(Bishop	 ﾠet	 ﾠal,	 ﾠ2000;	 ﾠHao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠMsn2	 ﾠlocalization	 ﾠis	 ﾠ
regulated	 ﾠby	 ﾠprotein	 ﾠkinase	 ﾠA	 ﾠ(PKA)—when	 ﾠPKA	 ﾠis	 ﾠactive,	 ﾠMsn2	 ﾠis	 ﾠphosphorylated	 ﾠ
and	 ﾠcytoplasmic;	 ﾠwhen	 ﾠPKA	 ﾠis	 ﾠinhibited,	 ﾠMsn2	 ﾠis	 ﾠunphosphorylated	 ﾠand	 ﾠlocalized	 ﾠto	 ﾠ
the	 ﾠnucleus	 ﾠ(Gorner	 ﾠet	 ﾠal,	 ﾠ1998).	 ﾠWe	 ﾠintroduced	 ﾠanalog-ﾭ‐sensitive	 ﾠmutations	 ﾠ(PKAas)	 ﾠ
into	 ﾠall	 ﾠthree	 ﾠcatalytic	 ﾠisoforms	 ﾠof	 ﾠPKA	 ﾠ(Tpk1,	 ﾠTpk2,	 ﾠand	 ﾠTpk3),	 ﾠwhich	 ﾠenabled	 ﾠus	 ﾠto	 ﾠ
selectively	 ﾠ and	 ﾠ reversibly	 ﾠ inhibit	 ﾠ PKA	 ﾠ activity,	 ﾠ and	 ﾠ therefore	 ﾠ control	 ﾠ Msn2	 ﾠ
localization,	 ﾠwith	 ﾠthe	 ﾠsmall	 ﾠmolecule	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(Zaman	 ﾠet	 ﾠal,	 ﾠ2009;	 ﾠHao	 ﾠand	 ﾠO’Shea,	 ﾠ
2012).	 ﾠTo	 ﾠquantify	 ﾠMsn2	 ﾠlocalization,	 ﾠwe	 ﾠintroduced	 ﾠinto	 ﾠthe	 ﾠPKAas	 ﾠstrain	 ﾠan	 ﾠMsn2-ﾭ‐
mCherry	 ﾠfusion	 ﾠprotein	 ﾠand	 ﾠa	 ﾠnuclear	 ﾠmarker	 ﾠ(Nhp6a-ﾭ‐iRFP;	 ﾠSupplementary	 ﾠFigure	 ﾠ
S1A).	 ﾠTo	 ﾠidentify	 ﾠMsn2-ﾭ‐specific	 ﾠtarget	 ﾠgenes,	 ﾠwe	 ﾠused	 ﾠmicroarrays	 ﾠto	 ﾠcompare	 ﾠthe	 ﾠ
gene	 ﾠexpression	 ﾠresponse	 ﾠto	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠin	 ﾠstrains	 ﾠwith	 ﾠand	 ﾠwithout	 ﾠMsn2-ﾭ‐mCherry	 ﾠ
and	 ﾠidentified	 ﾠ23	 ﾠgenes	 ﾠthat	 ﾠshowed	 ﾠat	 ﾠleast	 ﾠfive-ﾭ‐fold	 ﾠupregulation	 ﾠin	 ﾠthe	 ﾠpresence	 ﾠ
of	 ﾠMsn2-ﾭ‐mCherry,	 ﾠbut	 ﾠno	 ﾠexpression	 ﾠchange	 ﾠin	 ﾠan	 ﾠmsn2Δ	 ﾠstrain	 ﾠ(Supplementary	 ﾠ
Figure	 ﾠ S1C).	 ﾠ To	 ﾠ measure	 ﾠ both	 ﾠ gene	 ﾠ expression	 ﾠ and	 ﾠ intrinsic	 ﾠ and	 ﾠ extrinsic	 ﾠ noise	 ﾠ
components,	 ﾠ we	 ﾠ chose	 ﾠ seven	 ﾠ of	 ﾠ the	 ﾠ most	 ﾠ strongly	 ﾠ induced	 ﾠ of	 ﾠ these	 ﾠ genes	 ﾠ and	 ﾠ
implemented	 ﾠthe	 ﾠdual-ﾭ‐reporter	 ﾠstrategy	 ﾠ(Elowitz	 ﾠet	 ﾠal,	 ﾠ2002),	 ﾠreplacing	 ﾠthe	 ﾠnative	 ﾠ
ORF	 ﾠ with	 ﾠ fast-ﾭ‐maturing	 ﾠCFP	 ﾠand	 ﾠYFP	 ﾠreporters	 ﾠon	 ﾠhomologous	 ﾠchromosomes	 ﾠin	 ﾠ
diploid	 ﾠ yeast	 ﾠ cells.	 ﾠ Finally,	 ﾠ although	 ﾠ PKAas	 ﾠ inhibition	 ﾠ might	 ﾠ have	 ﾠ indirect	 ﾠ global	 ﾠ
effects	 ﾠon	 ﾠgene	 ﾠexpression,	 ﾠMsn2	 ﾠdirectly	 ﾠcontrols	 ﾠthe	 ﾠtranscriptional	 ﾠresponse	 ﾠof	 ﾠ
these	 ﾠ seven	 ﾠ genes:	 ﾠ they	 ﾠ are	 ﾠ not	 ﾠ induced	 ﾠ in	 ﾠ the	 ﾠ absence	 ﾠ of	 ﾠ Msn2	 ﾠ and	 ﾠ previous	 ﾠ
genome-ﾭ‐wide	 ﾠ ChIP	 ﾠ experiments	 ﾠ have	 ﾠ shown	 ﾠ that	 ﾠ Msn2	 ﾠ directly	 ﾠ binds	 ﾠ their	 ﾠ
promoters	 ﾠ(Huebert	 ﾠet	 ﾠal,	 ﾠ2012).	 ﾠ	 ﾠ
	 ﾠ
Systematic	 ﾠdissection	 ﾠof	 ﾠhow	 ﾠdifferent	 ﾠpromoters	 ﾠdecode	 ﾠTF	 ﾠdynamics	 ﾠ
To	 ﾠsystematically	 ﾠinvestigate	 ﾠhow	 ﾠinduction	 ﾠof	 ﾠthese	 ﾠseven	 ﾠMsn2	 ﾠtarget	 ﾠgenes	 ﾠ
depends	 ﾠon	 ﾠMsn2	 ﾠnuclear	 ﾠtranslocation	 ﾠdynamics,	 ﾠwe	 ﾠdeveloped	 ﾠa	 ﾠhigh-ﾭ‐throughput	 ﾠ
microfluidic	 ﾠ device	 ﾠ (Figure	 ﾠ 1A).	 ﾠ We	 ﾠ used	 ﾠ this	 ﾠ device	 ﾠ to	 ﾠ rapidly	 ﾠ switch	 ﾠ between	 ﾠ
medium	 ﾠ with	 ﾠ and	 ﾠ without	 ﾠ 1-ﾭ‐NM-ﾭ‐PP1	 ﾠ and	 ﾠ artificially	 ﾠ modulate	 ﾠ Msn2	 ﾠ nuclear	 ﾠ
localization,	 ﾠ enabling	 ﾠ us	 ﾠ to	 ﾠ control	 ﾠ and	 ﾠ measure	 ﾠ Msn2	 ﾠ input	 ﾠ dynamics	 ﾠ and	 ﾠ
simultaneously	 ﾠmeasure	 ﾠgene	 ﾠexpression	 ﾠoutput	 ﾠdynamics	 ﾠfor	 ﾠ>100,000	 ﾠsingle	 ﾠcells	 ﾠ	 ﾠ 7	 ﾠ
with	 ﾠhigh	 ﾠtemporal	 ﾠresolution	 ﾠ(example	 ﾠexperiment:	 ﾠFigure	 ﾠ1B	 ﾠand	 ﾠSupplementary	 ﾠ
Movie	 ﾠ1).	 ﾠFor	 ﾠeach	 ﾠof	 ﾠthe	 ﾠ7	 ﾠpromoters,	 ﾠwe	 ﾠperformed	 ﾠ30	 ﾠexperiments	 ﾠin	 ﾠwhich	 ﾠwe	 ﾠ
systematically	 ﾠmodulated	 ﾠthe	 ﾠamplitude,	 ﾠduration,	 ﾠpulse	 ﾠnumber,	 ﾠand	 ﾠpulse	 ﾠinterval	 ﾠ
of	 ﾠMsn2	 ﾠnuclear	 ﾠlocalization	 ﾠ(Supplementary	 ﾠFigure	 ﾠS1D)	 ﾠto	 ﾠmimic	 ﾠthe	 ﾠnaturally	 ﾠ
observed	 ﾠ Msn2	 ﾠ translocation	 ﾠ dynamics	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ stress	 ﾠ (Hao	 ﾠ and	 ﾠ O’Shea,	 ﾠ
2012).	 ﾠ We	 ﾠ observed	 ﾠ significant	 ﾠ differences	 ﾠ between	 ﾠ the	 ﾠ promoters	 ﾠ (Figure	 ﾠ 1C):	 ﾠ
SIP18,	 ﾠTKL2,	 ﾠand	 ﾠALD3	 ﾠfiltered	 ﾠout	 ﾠlow	 ﾠamplitude	 ﾠinput	 ﾠ(25%	 ﾠand	 ﾠ50%	 ﾠamplitude),	 ﾠ
short	 ﾠ duration	 ﾠ input	 ﾠ and	 ﾠ oscillatory	 ﾠ input,	 ﾠ and	 ﾠ only	 ﾠ induced	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ
sustained	 ﾠ high-ﾭ‐amplitude	 ﾠ input;	 ﾠ in	 ﾠ contrast,	 ﾠ HXK1,	 ﾠ DCS2,	 ﾠ and	 ﾠ DDR2	 ﾠ responded	 ﾠ
strongly	 ﾠ to	 ﾠ short	 ﾠ oscillatory	 ﾠ input	 ﾠ and	 ﾠ short	 ﾠ duration	 ﾠ input,	 ﾠ while	 ﾠ showing	 ﾠ
saturation	 ﾠ at	 ﾠ high	 ﾠ amplitude.	 ﾠ In	 ﾠ between	 ﾠ these	 ﾠ extremes,	 ﾠ RTN2	 ﾠ filtered	 ﾠ out	 ﾠ low	 ﾠ
amplitude	 ﾠinput	 ﾠlike	 ﾠSIP18,	 ﾠyet	 ﾠshowed	 ﾠsignificant	 ﾠinduction	 ﾠin	 ﾠresponse	 ﾠto	 ﾠshort	 ﾠ
duration	 ﾠ and	 ﾠ oscillatory	 ﾠ input	 ﾠ like	 ﾠ DDR2	 ﾠ (Figure	 ﾠ 1C).	 ﾠ Thus,	 ﾠ natural	 ﾠ promoters	 ﾠ
decode	 ﾠthe	 ﾠsame	 ﾠTF	 ﾠinput	 ﾠdifferently.	 ﾠ
	 ﾠ
Using	 ﾠa	 ﾠmathematical	 ﾠmodel	 ﾠto	 ﾠcluster	 ﾠpromoters	 ﾠinto	 ﾠclasses	 ﾠ
To	 ﾠ provide	 ﾠ a	 ﾠ quantitative	 ﾠ framework	 ﾠ for	 ﾠ understanding	 ﾠ the	 ﾠ input–output	 ﾠ
relationship	 ﾠ between	 ﾠ Msn2	 ﾠ dynamics	 ﾠ and	 ﾠ gene	 ﾠ expression,	 ﾠ we	 ﾠ constructed	 ﾠ a	 ﾠ
mathematical	 ﾠ model	 ﾠ for	 ﾠ TF-ﾭ‐activated	 ﾠ gene	 ﾠ expression	 ﾠ using	 ﾠ ordinary	 ﾠ differential	 ﾠ
equations	 ﾠ (Figure	 ﾠ 2A).	 ﾠ Rather	 ﾠ than	 ﾠ pursuing	 ﾠ an	 ﾠ all-ﾭ‐encompassing	 ﾠ mechanistic	 ﾠ
model	 ﾠthat	 ﾠwould	 ﾠdiffer	 ﾠbetween	 ﾠpromoters,	 ﾠwe	 ﾠselected	 ﾠfrom	 ﾠseveral	 ﾠcandidates	 ﾠ
the	 ﾠsimplest	 ﾠmodel	 ﾠthat	 ﾠcould	 ﾠaccurately	 ﾠdescribe	 ﾠall	 ﾠof	 ﾠthe	 ﾠpromoters	 ﾠdespite	 ﾠtheir	 ﾠ
very	 ﾠ different	 ﾠ behavior	 ﾠ (see	 ﾠ Supplementary	 ﾠ information).	 ﾠ Models	 ﾠ with	 ﾠ only	 ﾠ two	 ﾠ
promoter	 ﾠstates	 ﾠcould	 ﾠnot	 ﾠadequately	 ﾠaccount	 ﾠfor	 ﾠthe	 ﾠlong	 ﾠactivation	 ﾠdelay	 ﾠthat	 ﾠwe	 ﾠ
observe	 ﾠfor	 ﾠSIP18,	 ﾠALD3,	 ﾠand	 ﾠTKL2.	 ﾠThus,	 ﾠour	 ﾠfinal	 ﾠmodel	 ﾠcontains	 ﾠthree	 ﾠpromoter	 ﾠ
states.	 ﾠAlthough	 ﾠthese	 ﾠare	 ﾠphenomenological	 ﾠvariables	 ﾠrather	 ﾠthan	 ﾠbiochemically	 ﾠ
well-ﾭ‐defined	 ﾠpromoter	 ﾠstates,	 ﾠwe	 ﾠinterpret	 ﾠthese	 ﾠas	 ﾠunbound,	 ﾠbound,	 ﾠand	 ﾠactive:	 ﾠ
initially,	 ﾠthe	 ﾠpromoter	 ﾠis	 ﾠunbound	 ﾠand	 ﾠthe	 ﾠrate	 ﾠwith	 ﾠwhich	 ﾠMsn2	 ﾠbinds	 ﾠthe	 ﾠpromoter	 ﾠ
is	 ﾠassumed	 ﾠto	 ﾠbe	 ﾠproportional	 ﾠto	 ﾠthe	 ﾠnuclear	 ﾠconcentration	 ﾠof	 ﾠMsn2.	 ﾠOnce	 ﾠbound,	 ﾠ
recruitment	 ﾠof	 ﾠfactors	 ﾠto	 ﾠthe	 ﾠpromoter	 ﾠ(Pbound→Pactive)	 ﾠis	 ﾠassumed	 ﾠto	 ﾠbe	 ﾠproportional	 ﾠ
to	 ﾠthe	 ﾠequilibrium	 ﾠfraction	 ﾠof	 ﾠMsn2	 ﾠbound	 ﾠto	 ﾠthe	 ﾠpromoter	 ﾠand	 ﾠmodeled	 ﾠas	 ﾠa	 ﾠHill	 ﾠ
function.	 ﾠTo	 ﾠaccount	 ﾠfor	 ﾠthe	 ﾠobservation	 ﾠthat	 ﾠtranscription	 ﾠceases	 ﾠwhen	 ﾠMsn2	 ﾠexits	 ﾠ
the	 ﾠnucleus,	 ﾠwe	 ﾠalso	 ﾠmodel	 ﾠtranscription	 ﾠas	 ﾠa	 ﾠHill	 ﾠfunction	 ﾠ(a	 ﾠfull	 ﾠdiscussion	 ﾠof	 ﾠthe	 ﾠ	 ﾠ 8	 ﾠ
model	 ﾠis	 ﾠgiven	 ﾠin	 ﾠSupplementary	 ﾠinformation).	 ﾠ
To	 ﾠ extract	 ﾠ quantitative	 ﾠ information,	 ﾠ we	 ﾠ identified	 ﾠ the	 ﾠ parameter	 ﾠ set	 ﾠ (green	 ﾠ
parameters	 ﾠin	 ﾠFigure	 ﾠ2A)	 ﾠthat	 ﾠgave	 ﾠthe	 ﾠbest	 ﾠoverall	 ﾠfit	 ﾠto	 ﾠthe	 ﾠfull	 ﾠ30-ﾭ‐experiment	 ﾠdata	 ﾠ
set	 ﾠ(Supplementary	 ﾠFigures	 ﾠS2–S5)	 ﾠfor	 ﾠeach	 ﾠpromoter.	 ﾠGlobal	 ﾠparameters	 ﾠ(purple	 ﾠ
parameters	 ﾠin	 ﾠFigure	 ﾠ2A)	 ﾠwere	 ﾠexperimentally	 ﾠdetermined	 ﾠand	 ﾠfound	 ﾠnot	 ﾠto	 ﾠdiffer	 ﾠ
between	 ﾠ promoters	 ﾠ (see	 ﾠ Supplementary	 ﾠ information).	 ﾠ Using	 ﾠ the	 ﾠ model	 ﾠ and	 ﾠ the	 ﾠ
fitted	 ﾠparameters,	 ﾠwe	 ﾠcalculated	 ﾠthe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠ(time	 ﾠrequired	 ﾠto	 ﾠ
reach	 ﾠthe	 ﾠhalf-ﾭ‐maximal	 ﾠPactive	 ﾠlevel)	 ﾠand	 ﾠamplitude	 ﾠthreshold	 ﾠ(amplitude	 ﾠrequired	 ﾠto	 ﾠ
reach	 ﾠthe	 ﾠhalf-ﾭ‐maximal	 ﾠPactive	 ﾠlevel	 ﾠat	 ﾠsteady	 ﾠstate)	 ﾠfor	 ﾠeach	 ﾠpromoter.	 ﾠWe	 ﾠclustered	 ﾠ
the	 ﾠpromoters	 ﾠalong	 ﾠthese	 ﾠtwo	 ﾠaxes	 ﾠand	 ﾠobserved	 ﾠclasses	 ﾠof	 ﾠbehavior	 ﾠ(Figure	 ﾠ2B).	 ﾠ
HXK1,	 ﾠDCS2,	 ﾠand	 ﾠDDR2	 ﾠbelong	 ﾠto	 ﾠone	 ﾠpromoter	 ﾠclass,	 ﾠwhich	 ﾠwe	 ﾠcall	 ﾠLow	 ﾠamplitude	 ﾠ
threshold,	 ﾠFast	 ﾠpromoters	 ﾠ(LF	 ﾠpromoters,	 ﾠblue)	 ﾠ—	 ﾠthese	 ﾠpromoters	 ﾠactivate	 ﾠwithin	 ﾠa	 ﾠ
few	 ﾠminutes,	 ﾠwhich	 ﾠexplains	 ﾠwhy	 ﾠthey	 ﾠrespond	 ﾠstrongly	 ﾠto	 ﾠshort	 ﾠduration	 ﾠoscillatory	 ﾠ
input	 ﾠ(Figure	 ﾠ1C).	 ﾠDue	 ﾠto	 ﾠtheir	 ﾠlow	 ﾠamplitude	 ﾠthreshold,	 ﾠLF	 ﾠpromoters	 ﾠshow	 ﾠstrong	 ﾠ
gene	 ﾠexpression	 ﾠresponses	 ﾠeven	 ﾠto	 ﾠlow	 ﾠamplitude	 ﾠinput	 ﾠand	 ﾠshow	 ﾠsaturation	 ﾠat	 ﾠhigh	 ﾠ
amplitude	 ﾠinput.	 ﾠAt	 ﾠthe	 ﾠother	 ﾠextreme,	 ﾠSIP18,	 ﾠALD3,	 ﾠand	 ﾠTKL2	 ﾠbelong	 ﾠto	 ﾠa	 ﾠclass	 ﾠwe	 ﾠ
call	 ﾠHigh	 ﾠamplitude	 ﾠthreshold,	 ﾠSlow	 ﾠpromoters	 ﾠ(HS	 ﾠpromoters,	 ﾠred)—due	 ﾠto	 ﾠtheir	 ﾠ
long	 ﾠactivation	 ﾠdelay	 ﾠ(~25	 ﾠmin),	 ﾠthey	 ﾠfilter	 ﾠout	 ﾠshort	 ﾠduration	 ﾠinput,	 ﾠincluding	 ﾠshort	 ﾠ
duration	 ﾠ oscillatory	 ﾠ input	 ﾠ (Figure	 ﾠ 1C).	 ﾠ Similarly,	 ﾠ due	 ﾠ to	 ﾠ their	 ﾠ high	 ﾠ amplitude	 ﾠ
threshold,	 ﾠlow	 ﾠamplitude	 ﾠinput	 ﾠis	 ﾠfiltered	 ﾠout	 ﾠregardless	 ﾠof	 ﾠthe	 ﾠduration.	 ﾠ
Finally,	 ﾠ RTN2	 ﾠ shows	 ﾠ intermediate	 ﾠ behavior:	 ﾠ RTN2	 ﾠ filters	 ﾠ out	 ﾠ low	 ﾠ amplitude	 ﾠ
input	 ﾠlike	 ﾠthe	 ﾠHS	 ﾠpromoters	 ﾠ(Figure	 ﾠ1C)	 ﾠand	 ﾠhas	 ﾠa	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠ
(~10	 ﾠmin)	 ﾠin	 ﾠbetween	 ﾠthat	 ﾠof	 ﾠthe	 ﾠLF	 ﾠand	 ﾠHS	 ﾠpromoters,	 ﾠbut	 ﾠmore	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠLF	 ﾠ
promoters.	 ﾠ The	 ﾠ response	 ﾠ of	 ﾠ RTN2	 ﾠ to	 ﾠ short	 ﾠ oscillatory	 ﾠ input	 ﾠ is	 ﾠ similar	 ﾠ to	 ﾠ DDR2	 ﾠ
(Figure	 ﾠ1C).	 ﾠHence,	 ﾠRTN2	 ﾠexhibits	 ﾠmuch	 ﾠfaster	 ﾠactivation	 ﾠthan	 ﾠTKL2	 ﾠand	 ﾠALD3,	 ﾠbut	 ﾠa	 ﾠ
higher	 ﾠ amplitude	 ﾠ threshold:	 ﾠ this	 ﾠ shows	 ﾠ that	 ﾠ amplitude	 ﾠ threshold	 ﾠ and	 ﾠ promoter	 ﾠ
activation	 ﾠtimescale	 ﾠcan	 ﾠbe	 ﾠat	 ﾠleast	 ﾠpartially	 ﾠdecoupled.	 ﾠWe	 ﾠtherefore	 ﾠpredict	 ﾠthat	 ﾠ
natural	 ﾠpromoters	 ﾠwill	 ﾠshow	 ﾠa	 ﾠcontinuum	 ﾠin	 ﾠresponse	 ﾠbehavior	 ﾠand	 ﾠspan	 ﾠthe	 ﾠentire	 ﾠ
space	 ﾠof	 ﾠFigure	 ﾠ2B,	 ﾠincluding	 ﾠall	 ﾠfour	 ﾠcorners.	 ﾠ
	 ﾠ
Quantitative	 ﾠAnalysis	 ﾠof	 ﾠsignal	 ﾠprocessing	 ﾠby	 ﾠLF	 ﾠand	 ﾠHS	 ﾠpromoters	 ﾠ	 ﾠ
To	 ﾠ illustrate	 ﾠ how	 ﾠ the	 ﾠ HS	 ﾠ and	 ﾠ LF	 ﾠ promoter	 ﾠ classes	 ﾠ process	 ﾠ TF	 ﾠ signals,	 ﾠ we	 ﾠ
quantitatively	 ﾠ analyzed	 ﾠ SIP18	 ﾠ (HS)	 ﾠ and	 ﾠ DCS2	 ﾠ (LF).	 ﾠ In	 ﾠ response	 ﾠ to	 ﾠ duration	 ﾠ	 ﾠ 9	 ﾠ
modulation	 ﾠ(Figure	 ﾠ2C,	 ﾠdots:	 ﾠraw	 ﾠdata;	 ﾠlines:	 ﾠmodel	 ﾠsimulations),	 ﾠSIP18	 ﾠexpression	 ﾠ
increases	 ﾠin	 ﾠa	 ﾠnonlinear,	 ﾠconvex	 ﾠmanner	 ﾠdue	 ﾠto	 ﾠits	 ﾠslow	 ﾠpromoter	 ﾠactivation	 ﾠand	 ﾠ
shows	 ﾠ a	 ﾠ duration	 ﾠ threshold	 ﾠ below	 ﾠ which	 ﾠ no	 ﾠ gene	 ﾠ expression	 ﾠ is	 ﾠ seen.	 ﾠ DCS2	 ﾠ
expression,	 ﾠ on	 ﾠ the	 ﾠ other	 ﾠ hand,	 ﾠ increases	 ﾠ linearly	 ﾠ with	 ﾠ duration	 ﾠ due	 ﾠ to	 ﾠ its	 ﾠ fast	 ﾠ
activation	 ﾠand	 ﾠshows	 ﾠno	 ﾠthreshold.	 ﾠThe	 ﾠhighly	 ﾠconvex	 ﾠscaling	 ﾠof	 ﾠSIP18	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ
amplitude	 ﾠ modulation	 ﾠ (Figure	 ﾠ 2D)	 ﾠ shows	 ﾠ how	 ﾠ sensitive	 ﾠ its	 ﾠ expression	 ﾠ is	 ﾠ to	 ﾠ the	 ﾠ
amplitude:	 ﾠan	 ﾠ~25%	 ﾠincrease	 ﾠin	 ﾠamplitude	 ﾠcan	 ﾠmore	 ﾠthan	 ﾠdouble	 ﾠgene	 ﾠexpression	 ﾠ
output.	 ﾠIn	 ﾠcontrast,	 ﾠDCS2	 ﾠshows	 ﾠconcave	 ﾠscaling	 ﾠand	 ﾠbegins	 ﾠto	 ﾠshow	 ﾠsaturation	 ﾠeven	 ﾠ
at	 ﾠthe	 ﾠhalf-ﾭ‐maximal	 ﾠamplitude.	 ﾠWhen	 ﾠexpression	 ﾠis	 ﾠplotted	 ﾠas	 ﾠa	 ﾠfunction	 ﾠof	 ﾠthe	 ﾠMsn2	 ﾠ
AUC	 ﾠ(Msn2	 ﾠarea	 ﾠunder	 ﾠthe	 ﾠcurve,	 ﾠ ),	 ﾠwe	 ﾠsee	 ﾠa	 ﾠclear	 ﾠthreshold	 ﾠ(ca.	 ﾠ2⋅104	 ﾠ
Msn2	 ﾠAUC,	 ﾠFigure	 ﾠ2E)	 ﾠbelow	 ﾠwhich	 ﾠSIP18	 ﾠfilters	 ﾠout	 ﾠall	 ﾠinput,	 ﾠwhereas	 ﾠDCS2	 ﾠshows	 ﾠ
no	 ﾠsuch	 ﾠthreshold.	 ﾠInstead,	 ﾠDCS2	 ﾠexpression	 ﾠis	 ﾠsimply	 ﾠproportional	 ﾠto	 ﾠthe	 ﾠMsn2	 ﾠAUC	 ﾠ
until	 ﾠ saturation	 ﾠ —	 ﾠ after	 ﾠ saturation	 ﾠ DCS2	 ﾠ expression	 ﾠ is	 ﾠ no	 ﾠ longer	 ﾠ sensitive	 ﾠ to	 ﾠ
increasing	 ﾠ amplitude.	 ﾠ Thus,	 ﾠ even	 ﾠ for	 ﾠ single	 ﾠ pulse	 ﾠ input,	 ﾠ natural	 ﾠ Msn2	 ﾠ target	 ﾠ
promoters	 ﾠcan	 ﾠact	 ﾠas	 ﾠsophisticated	 ﾠsignal	 ﾠprocessing	 ﾠmodules	 ﾠwith	 ﾠdistinct	 ﾠdecoding	 ﾠ
abilities.	 ﾠ
Finally,	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ pulse	 ﾠ number	 ﾠ modulation,	 ﾠ DCS2	 ﾠ expression	 ﾠ is	 ﾠ simply	 ﾠ
proportional	 ﾠ to	 ﾠ the	 ﾠ number	 ﾠ of	 ﾠ pulses	 ﾠ (Figure	 ﾠ 2F)	 ﾠ —	 ﾠ this	 ﾠ is	 ﾠ because	 ﾠ promoter	 ﾠ
activation	 ﾠand	 ﾠdeactivation	 ﾠare	 ﾠso	 ﾠfast	 ﾠthat	 ﾠno	 ﾠmemory	 ﾠeffects	 ﾠare	 ﾠobserved	 ﾠbetween	 ﾠ
the	 ﾠpulses	 ﾠ(Hao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠSIP18,	 ﾠon	 ﾠthe	 ﾠother	 ﾠhand,	 ﾠdisplays	 ﾠsuch	 ﾠslow	 ﾠ
promoter	 ﾠactivation	 ﾠkinetics	 ﾠthat	 ﾠoscillatory	 ﾠinput	 ﾠis	 ﾠlargely	 ﾠfiltered	 ﾠout	 ﾠregardless	 ﾠ
of	 ﾠthe	 ﾠpulse	 ﾠnumber.	 ﾠ
	 ﾠ
Control	 ﾠof	 ﾠTF	 ﾠdynamics	 ﾠenables	 ﾠdifferential	 ﾠgene	 ﾠexpression	 ﾠ
Having	 ﾠ established	 ﾠ that	 ﾠ different	 ﾠ promoter	 ﾠ classes	 ﾠ decode	 ﾠ TF	 ﾠ dynamics	 ﾠ
differently,	 ﾠ we	 ﾠ next	 ﾠ investigated	 ﾠ whether	 ﾠ this	 ﾠ would	 ﾠ allow	 ﾠ differential	 ﾠ gene	 ﾠ
expression.	 ﾠ Using	 ﾠ the	 ﾠ model	 ﾠ (Figure	 ﾠ 2A),	 ﾠ we	 ﾠ systematically	 ﾠ simulated	 ﾠ gene	 ﾠ
expression	 ﾠfor	 ﾠdifferent	 ﾠinput	 ﾠdynamics	 ﾠ(duration,	 ﾠamplitude,	 ﾠpulse	 ﾠnumber,	 ﾠand	 ﾠ
pulse	 ﾠinterval)	 ﾠfor	 ﾠSIP18	 ﾠand	 ﾠDCS2.	 ﾠThe	 ﾠmodel	 ﾠpredicts	 ﾠthat	 ﾠstrong	 ﾠinduction	 ﾠof	 ﾠDCS2	 ﾠ
without	 ﾠ a	 ﾠ significant	 ﾠ induction	 ﾠ of	 ﾠ SIP18	 ﾠ can	 ﾠ be	 ﾠ achieved	 ﾠ by	 ﾠ using	 ﾠ short,	 ﾠ low	 ﾠ
frequency	 ﾠoscillatory	 ﾠinput	 ﾠ(Figure	 ﾠ3A,	 ﾠCondition	 ﾠA).	 ﾠLikewise,	 ﾠthe	 ﾠmodel	 ﾠpredicts	 ﾠ
that	 ﾠdifferential	 ﾠexpression	 ﾠof	 ﾠSIP18	 ﾠover	 ﾠDCS2	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠusing	 ﾠa	 ﾠsingle	 ﾠ
Msn2(t) [ ]dt
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sustained,	 ﾠhigh	 ﾠamplitude	 ﾠpulse	 ﾠ(Figure	 ﾠ3B,	 ﾠCondition	 ﾠB).	 ﾠ
We	 ﾠtested	 ﾠthese	 ﾠmodel	 ﾠpredictions	 ﾠby	 ﾠmeasuring	 ﾠgene	 ﾠexpression	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ
these	 ﾠ two	 ﾠ conditions	 ﾠ and	 ﾠ find	 ﾠ that	 ﾠ the	 ﾠ model	 ﾠ could	 ﾠ accurately	 ﾠ predict	 ﾠ gene	 ﾠ
expression	 ﾠresponses	 ﾠto	 ﾠconditions	 ﾠupon	 ﾠwhich	 ﾠit	 ﾠhad	 ﾠnot	 ﾠbeen	 ﾠtrained	 ﾠ(Figure	 ﾠ3).	 ﾠ
This	 ﾠdemonstrates	 ﾠthat	 ﾠsignificant	 ﾠdifferential	 ﾠgene	 ﾠexpression	 ﾠbetween	 ﾠLF	 ﾠand	 ﾠHS	 ﾠ
promoters	 ﾠat	 ﾠan	 ﾠabsolute	 ﾠlevel	 ﾠis	 ﾠpossible	 ﾠjust	 ﾠby	 ﾠcontrolling	 ﾠTF	 ﾠdynamics.	 ﾠThus,	 ﾠthe	 ﾠ
cell	 ﾠ can	 ﾠ exploit	 ﾠ this	 ﾠ mechanism	 ﾠ to	 ﾠ encode	 ﾠ multiple,	 ﾠ distinct	 ﾠ gene	 ﾠ expression	 ﾠ
programs	 ﾠin	 ﾠthe	 ﾠtranslocation	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF.	 ﾠ
	 ﾠ
Noise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠdiffers	 ﾠmarkedly	 ﾠfor	 ﾠdifferent	 ﾠpromoter	 ﾠclasses	 ﾠand	 ﾠ
depends	 ﾠon	 ﾠMsn2	 ﾠdynamics	 ﾠ
Having	 ﾠanalyzed	 ﾠhow	 ﾠgene	 ﾠexpression	 ﾠresponses	 ﾠdepend	 ﾠon	 ﾠMsn2	 ﾠinput	 ﾠat	 ﾠthe	 ﾠ
population	 ﾠlevel,	 ﾠwe	 ﾠnext	 ﾠinvestigated	 ﾠsingle-ﾭ‐cell	 ﾠbehavior.	 ﾠSince	 ﾠthe	 ﾠdual	 ﾠCFP	 ﾠand	 ﾠ
YFP	 ﾠ reporters	 ﾠ share	 ﾠ the	 ﾠ same	 ﾠ cellular	 ﾠ environment,	 ﾠ the	 ﾠ degree	 ﾠ to	 ﾠ which	 ﾠ they	 ﾠ
correlate	 ﾠallows	 ﾠus	 ﾠto	 ﾠdiscern	 ﾠtwo	 ﾠsources	 ﾠof	 ﾠcell-ﾭ‐to-ﾭ‐cell	 ﾠvariability	 ﾠ(Elowitz	 ﾠet	 ﾠal,	 ﾠ
2002):	 ﾠ variability	 ﾠ caused	 ﾠ by	 ﾠ the	 ﾠ shared	 ﾠ environment,	 ﾠ such	 ﾠ as	 ﾠ differences	 ﾠ in	 ﾠ the	 ﾠ
number	 ﾠof	 ﾠMsn2	 ﾠmolecules	 ﾠor	 ﾠribosomes	 ﾠbetween	 ﾠcells,	 ﾠwhich	 ﾠaffect	 ﾠboth	 ﾠCFP	 ﾠand	 ﾠ
YFP	 ﾠ equally	 ﾠ (extrinsic	 ﾠ noise);	 ﾠ and	 ﾠ the	 ﾠ remaining	 ﾠ intrinsic	 ﾠ variability	 ﾠ that	 ﾠ is	 ﾠ not	 ﾠ
accounted	 ﾠfor	 ﾠby	 ﾠthe	 ﾠshared	 ﾠenvironment,	 ﾠwhich	 ﾠmay	 ﾠstem	 ﾠfrom	 ﾠfactors	 ﾠsuch	 ﾠas	 ﾠ
stochastic	 ﾠbinding	 ﾠevents	 ﾠat	 ﾠindividual	 ﾠpromoters	 ﾠ(intrinsic	 ﾠnoise)	 ﾠ(Hilfinger	 ﾠand	 ﾠ
Paulsson,	 ﾠ2011).	 ﾠ
We	 ﾠ first	 ﾠ investigated	 ﾠ how	 ﾠ total	 ﾠ (Figure	 ﾠ 4A)	 ﾠ and	 ﾠ intrinsic	 ﾠ (Figure	 ﾠ 4B)	 ﾠ noise	 ﾠ
(σ2/μ2)	 ﾠscale	 ﾠwith	 ﾠTF	 ﾠinput	 ﾠ(Msn2	 ﾠAUC)	 ﾠfor	 ﾠall	 ﾠexperiments	 ﾠfor	 ﾠall	 ﾠseven	 ﾠpromoters	 ﾠ
(each	 ﾠdot	 ﾠin	 ﾠFigure	 ﾠ4A	 ﾠand	 ﾠB	 ﾠcorresponds	 ﾠto	 ﾠthe	 ﾠgene	 ﾠexpression	 ﾠnoise	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠ
Msn2	 ﾠ input	 ﾠ for	 ﾠ a	 ﾠ single	 ﾠ promoter	 ﾠ (colored	 ﾠ by	 ﾠ class)).	 ﾠ Although	 ﾠ noise	 ﾠ generally	 ﾠ
decreases	 ﾠwith	 ﾠincreasing	 ﾠMsn2	 ﾠAUC,	 ﾠwe	 ﾠobserved	 ﾠsubstantial	 ﾠdifferences	 ﾠin	 ﾠtotal	 ﾠ
and	 ﾠintrinsic	 ﾠnoise	 ﾠbetween	 ﾠthe	 ﾠpromoter	 ﾠclasses:	 ﾠfor	 ﾠa	 ﾠgiven	 ﾠMsn2	 ﾠAUC,	 ﾠnoise	 ﾠin	 ﾠ
gene	 ﾠexpression	 ﾠwas	 ﾠsignificantly	 ﾠhigher	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠ(HS)	 ﾠpromoters	 ﾠthan	 ﾠthe	 ﾠfast	 ﾠ
(LF)	 ﾠpromoters.	 ﾠSince	 ﾠthe	 ﾠMsn2	 ﾠinput,	 ﾠmRNA	 ﾠtranscript	 ﾠ(coding	 ﾠregion	 ﾠand	 ﾠ30	 ﾠUTR)	 ﾠ
and	 ﾠprotein	 ﾠare	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠall	 ﾠpromoters,	 ﾠdifferences	 ﾠin	 ﾠintrinsic	 ﾠnoise	 ﾠbetween	 ﾠ
promoters	 ﾠshould	 ﾠprimarily	 ﾠoriginate	 ﾠfrom	 ﾠpromoter	 ﾠtransitions	 ﾠand	 ﾠtranscription.	 ﾠ
Therefore,	 ﾠdifferent	 ﾠpromoter	 ﾠclasses	 ﾠexhibit	 ﾠinherently	 ﾠdifferent	 ﾠlevels	 ﾠof	 ﾠnoise	 ﾠin	 ﾠ
gene	 ﾠexpression.	 ﾠFor	 ﾠexample,	 ﾠeven	 ﾠwhen	 ﾠSIP18	 ﾠ(HS)	 ﾠexpression	 ﾠrobustly	 ﾠexceeds	 ﾠ	 ﾠ 11	 ﾠ
DCS2	 ﾠ(LF)	 ﾠexpression	 ﾠat	 ﾠthe	 ﾠpopulation	 ﾠlevel	 ﾠ(Figure	 ﾠ3B),	 ﾠSIP18	 ﾠstill	 ﾠexhibits	 ﾠmore	 ﾠ
than	 ﾠtwo-ﾭ‐fold	 ﾠhigher	 ﾠnoise	 ﾠthan	 ﾠDCS2	 ﾠ(Supplementary	 ﾠFigure	 ﾠS6B).	 ﾠ
To	 ﾠdetermine	 ﾠwhether	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠdepends	 ﾠon	 ﾠTF	 ﾠdynamics,	 ﾠwe	 ﾠ
compared	 ﾠ the	 ﾠ total	 ﾠ noise	 ﾠ for	 ﾠ a	 ﾠ single	 ﾠ 40-ﾭ‐min	 ﾠ pulse	 ﾠ with	 ﾠ eight	 ﾠ 5	 ﾠ min	 ﾠ oscillatory	 ﾠ
pulses	 ﾠ (Figure	 ﾠ 4C)	 ﾠ such	 ﾠ that	 ﾠ the	 ﾠ Msn2	 ﾠ AUC,	 ﾠ total	 ﾠ duration,	 ﾠ and	 ﾠ amplitude	 ﾠ were	 ﾠ
constant.	 ﾠWe	 ﾠfind	 ﾠthat	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠis	 ﾠhigher	 ﾠin	 ﾠresponse	 ﾠto	 ﾠoscillatory	 ﾠ
input	 ﾠthan	 ﾠin	 ﾠresponse	 ﾠto	 ﾠa	 ﾠsingle	 ﾠpulse.	 ﾠFurthermore,	 ﾠthe	 ﾠextent	 ﾠto	 ﾠwhich	 ﾠoscillatory	 ﾠ
input	 ﾠresults	 ﾠin	 ﾠhigher	 ﾠnoise	 ﾠseems	 ﾠto	 ﾠdepend	 ﾠon	 ﾠthe	 ﾠpromoter	 ﾠclass:	 ﾠHS	 ﾠpromoters	 ﾠ
are	 ﾠmuch	 ﾠnoisier	 ﾠin	 ﾠgeneral,	 ﾠbut	 ﾠalso	 ﾠshow	 ﾠgreater	 ﾠdifferences	 ﾠbetween	 ﾠoscillatory	 ﾠ
input	 ﾠand	 ﾠsingle	 ﾠpulse	 ﾠinput.	 ﾠThis	 ﾠcontrasts	 ﾠwith	 ﾠa	 ﾠrecent	 ﾠtheoretical	 ﾠstudy	 ﾠ(Tostevin	 ﾠ
et	 ﾠal,	 ﾠ2012),	 ﾠwhich	 ﾠfound	 ﾠthat	 ﾠat	 ﾠsteady	 ﾠstate,	 ﾠoscillatory	 ﾠinput	 ﾠcould	 ﾠlead	 ﾠto	 ﾠlower	 ﾠ
noise	 ﾠthan	 ﾠconstant	 ﾠinput.	 ﾠHowever,	 ﾠthis	 ﾠdiscrepancy	 ﾠis	 ﾠlikely	 ﾠdue	 ﾠto	 ﾠdifferences	 ﾠin	 ﾠ
comparisons:	 ﾠthat	 ﾠstudy	 ﾠused	 ﾠa	 ﾠmuch	 ﾠhigher	 ﾠamplitude	 ﾠfor	 ﾠoscillatory	 ﾠinput	 ﾠthan	 ﾠfor	 ﾠ
constant	 ﾠ input	 ﾠ such	 ﾠ that	 ﾠ the	 ﾠ promoter	 ﾠ activation	 ﾠ timescale	 ﾠ was	 ﾠ shorter	 ﾠ for	 ﾠ
oscillatory	 ﾠinput	 ﾠ(see	 ﾠalso	 ﾠSupplementary	 ﾠinformation).	 ﾠ
Notably,	 ﾠthe	 ﾠonly	 ﾠpromoter	 ﾠthat	 ﾠshows	 ﾠa	 ﾠnegligible	 ﾠnoise	 ﾠdifference	 ﾠbetween	 ﾠ
oscillatory	 ﾠ and	 ﾠ single	 ﾠ pulse	 ﾠ input	 ﾠ is	 ﾠ HXK1,	 ﾠ which	 ﾠ also	 ﾠ has	 ﾠ the	 ﾠ fastest	 ﾠ activation	 ﾠ
timescale	 ﾠ (~1.3	 ﾠ min).	 ﾠ In	 ﾠ fact,	 ﾠ the	 ﾠ noise	 ﾠ (Figure	 ﾠ 4C,	 ﾠ orange	 ﾠ bars)	 ﾠ is	 ﾠ significantly	 ﾠ
correlated	 ﾠwith	 ﾠthe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠ(ρ	 ﾠ=	 ﾠ0.919;	 ﾠP	 ﾠ<	 ﾠ0.005;	 ﾠPearson’s	 ﾠ
correlation),	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠslower	 ﾠthe	 ﾠpromoter	 ﾠactivation,	 ﾠthe	 ﾠhigher	 ﾠthe	 ﾠnoise.	 ﾠ
Single-ﾭ‐cell	 ﾠtime	 ﾠtraces	 ﾠ(Figure	 ﾠ4D	 ﾠand	 ﾠE)	 ﾠand	 ﾠa	 ﾠCFP/YFP	 ﾠscatterplot	 ﾠ(Figure	 ﾠ4F)	 ﾠ
for	 ﾠDCS2	 ﾠand	 ﾠSIP18	 ﾠillustrate	 ﾠhow	 ﾠsubstantial	 ﾠthe	 ﾠnoise	 ﾠdifferences	 ﾠare	 ﾠbetween	 ﾠthe	 ﾠ
HS	 ﾠand	 ﾠLF	 ﾠpromoters.	 ﾠWe	 ﾠfind	 ﾠthat	 ﾠboth	 ﾠintrinsic	 ﾠand	 ﾠextrinsic	 ﾠnoise	 ﾠcontribute	 ﾠ
significantly	 ﾠto	 ﾠthe	 ﾠtotal	 ﾠnoise.	 ﾠFor	 ﾠDCS2,	 ﾠgene	 ﾠexpression	 ﾠis	 ﾠremarkably	 ﾠreliable	 ﾠwith	 ﾠ
low	 ﾠ variation	 ﾠ between	 ﾠ cells.	 ﾠ For	 ﾠ SIP18,	 ﾠ however,	 ﾠ we	 ﾠ observe	 ﾠ bimodal	 ﾠ gene	 ﾠ
expression:	 ﾠ some	 ﾠ cells	 ﾠ induce	 ﾠ very	 ﾠ strongly,	 ﾠ whereas	 ﾠ a	 ﾠ large	 ﾠ proportion	 ﾠ of	 ﾠ cells	 ﾠ
show	 ﾠ no	 ﾠ expression	 ﾠ at	 ﾠ all.	 ﾠ In	 ﾠ general,	 ﾠ we	 ﾠ observe	 ﾠ many	 ﾠ cases	 ﾠ of	 ﾠ bimodal	 ﾠ gene	 ﾠ
expression	 ﾠ for	 ﾠ the	 ﾠ HS	 ﾠ promoters	 ﾠ when	 ﾠ the	 ﾠ signal	 ﾠ is	 ﾠ close	 ﾠ to	 ﾠ the	 ﾠ threshold	 ﾠ
(Supplementary	 ﾠ Figure	 ﾠ S7H	 ﾠ and	 ﾠ J),	 ﾠ which	 ﾠ further	 ﾠ underscores	 ﾠ how	 ﾠ noisy	 ﾠ these	 ﾠ
promoters	 ﾠare.	 ﾠ
Taken	 ﾠtogether,	 ﾠour	 ﾠresults	 ﾠreveal	 ﾠthat	 ﾠoscillatory	 ﾠTF	 ﾠinput	 ﾠleads	 ﾠto	 ﾠhigher	 ﾠnoise	 ﾠ
in	 ﾠ gene	 ﾠ expression	 ﾠ and	 ﾠ that	 ﾠ noise	 ﾠ is	 ﾠ significantly	 ﾠ correlated	 ﾠ with	 ﾠ the	 ﾠ promoter	 ﾠ
activation	 ﾠtimescale.	 ﾠThat	 ﾠHS	 ﾠpromoters	 ﾠsuffer	 ﾠfrom	 ﾠsignificantly	 ﾠhigher	 ﾠtotal	 ﾠand	 ﾠ	 ﾠ 12	 ﾠ
intrinsic	 ﾠ noise	 ﾠ than	 ﾠ LF	 ﾠ promoters	 ﾠ furthermore	 ﾠ implies	 ﾠ an	 ﾠ inherent	 ﾠ trade-ﾭ‐off:	 ﾠ
employing	 ﾠHS	 ﾠand	 ﾠLF	 ﾠpromoters	 ﾠenables	 ﾠdifferential	 ﾠgene	 ﾠexpression	 ﾠby	 ﾠcontrolling	 ﾠ
TF	 ﾠ dynamics;	 ﾠ but	 ﾠ for	 ﾠ the	 ﾠ HS	 ﾠ promoter,	 ﾠ high	 ﾠ noise	 ﾠ means	 ﾠ that	 ﾠ the	 ﾠ information	 ﾠ
encoded	 ﾠin	 ﾠTF	 ﾠdynamics	 ﾠis	 ﾠdecoded	 ﾠwith	 ﾠlow	 ﾠfidelity.	 ﾠ
	 ﾠ
Encoding	 ﾠfour	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF	 ﾠ
Previously,	 ﾠ we	 ﾠ showed	 ﾠ that	 ﾠ natural	 ﾠ promoters	 ﾠ differ	 ﾠ in	 ﾠ their	 ﾠ amplitude	 ﾠ
threshold	 ﾠ and	 ﾠ promoter	 ﾠ activation	 ﾠ timescale	 ﾠ and,	 ﾠ importantly,	 ﾠ that	 ﾠ these	 ﾠ two	 ﾠ
properties	 ﾠcan	 ﾠbe	 ﾠdecoupled	 ﾠ(Figure	 ﾠ2B).	 ﾠOn	 ﾠthe	 ﾠbasis	 ﾠof	 ﾠthese	 ﾠobservations,	 ﾠfour	 ﾠ
promoter	 ﾠ classes	 ﾠ exist	 ﾠ in	 ﾠ theory:	 ﾠ promoters	 ﾠ can	 ﾠ have	 ﾠ either	 ﾠ a	 ﾠ low	 ﾠ or	 ﾠ a	 ﾠ high	 ﾠ
amplitude	 ﾠthreshold	 ﾠ(H	 ﾠor	 ﾠL)	 ﾠand	 ﾠexhibit	 ﾠeither	 ﾠfast	 ﾠor	 ﾠslow	 ﾠactivation	 ﾠ(F	 ﾠor	 ﾠS).	 ﾠTo	 ﾠ
theoretically	 ﾠ investigate	 ﾠ whether	 ﾠ differential	 ﾠ expression	 ﾠ of	 ﾠ all	 ﾠ four	 ﾠ classes	 ﾠ is	 ﾠ
possible	 ﾠby	 ﾠcontrolling	 ﾠTF	 ﾠdynamics,	 ﾠwe	 ﾠconsider	 ﾠthe	 ﾠsimplest	 ﾠformulation	 ﾠof	 ﾠthe	 ﾠ
deterministic	 ﾠmodel	 ﾠ(Figure	 ﾠ5A)	 ﾠthat	 ﾠcan	 ﾠcapture	 ﾠdifferences	 ﾠin	 ﾠboth	 ﾠthe	 ﾠamplitude	 ﾠ
threshold	 ﾠ and	 ﾠ promoter	 ﾠ activation	 ﾠ timescales	 ﾠ of	 ﾠ the	 ﾠ full	 ﾠ model	 ﾠ (Figure	 ﾠ 2A).	 ﾠ We	 ﾠ
quantify	 ﾠgene	 ﾠexpression	 ﾠas	 ﾠthe	 ﾠmRNA	 ﾠAUC	 ﾠ(Figure	 ﾠ5B),	 ﾠwhich	 ﾠwill	 ﾠbe	 ﾠproportional	 ﾠ
to	 ﾠthe	 ﾠprotein	 ﾠlevel	 ﾠafter	 ﾠit	 ﾠhas	 ﾠreached	 ﾠa	 ﾠplateau	 ﾠsince	 ﾠthe	 ﾠmRNA	 ﾠlifetime	 ﾠis	 ﾠmuch	 ﾠ
shorter	 ﾠthan	 ﾠthe	 ﾠprotein	 ﾠlifetime.	 ﾠ
Next,	 ﾠwe	 ﾠgenerate	 ﾠrepresentative	 ﾠpromoters	 ﾠfor	 ﾠeach	 ﾠof	 ﾠthe	 ﾠfour	 ﾠclasses	 ﾠin	 ﾠsilico	 ﾠ
that	 ﾠ differ	 ﾠ only	 ﾠ in	 ﾠ their	 ﾠ amplitude	 ﾠ threshold	 ﾠ and	 ﾠ promoter	 ﾠ activation	 ﾠ timescale	 ﾠ
(Figure	 ﾠ5C).	 ﾠWe	 ﾠanalytically	 ﾠsolve	 ﾠthe	 ﾠmodel	 ﾠfor	 ﾠthe	 ﾠmRNA	 ﾠAUC	 ﾠ(see	 ﾠSupplementary	 ﾠ
information)	 ﾠand	 ﾠthen	 ﾠsystematically	 ﾠinvestigate	 ﾠhow	 ﾠgene	 ﾠexpression	 ﾠdepends	 ﾠon	 ﾠ
duration,	 ﾠamplitude,	 ﾠpulse	 ﾠinterval,	 ﾠand	 ﾠpulse	 ﾠduration	 ﾠ(Supplementary	 ﾠFigure	 ﾠS8A–
C).	 ﾠ By	 ﾠ searching	 ﾠ this	 ﾠ space,	 ﾠ we	 ﾠ identify	 ﾠ four	 ﾠ conditions	 ﾠ where	 ﾠ differential	 ﾠ
expression	 ﾠof	 ﾠthe	 ﾠfour	 ﾠpromoters	 ﾠat	 ﾠan	 ﾠabsolute	 ﾠlevel	 ﾠis	 ﾠpossible.	 ﾠThe	 ﾠHS	 ﾠpromoter	 ﾠ
dominates	 ﾠin	 ﾠresponse	 ﾠto	 ﾠa	 ﾠsingle	 ﾠsustained,	 ﾠhigh-ﾭ‐amplitude	 ﾠpulse	 ﾠ(Figure	 ﾠ5D,	 ﾠleft),	 ﾠ
the	 ﾠLS	 ﾠpromoter	 ﾠdominates	 ﾠin	 ﾠresponse	 ﾠto	 ﾠa	 ﾠsingle	 ﾠsustained,	 ﾠlow-ﾭ‐amplitude	 ﾠpulse	 ﾠ
(Figure	 ﾠ 5E),	 ﾠ the	 ﾠ LF	 ﾠ promoter	 ﾠ dominates	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ low	 ﾠ amplitude,	 ﾠ low	 ﾠ
frequency	 ﾠ oscillations	 ﾠ (Figure	 ﾠ 5F),	 ﾠ and	 ﾠ finally,	 ﾠ the	 ﾠ HF	 ﾠ promoter	 ﾠ dominates	 ﾠ in	 ﾠ
response	 ﾠ to	 ﾠ high	 ﾠ amplitude,	 ﾠ low	 ﾠ frequency	 ﾠ oscillations	 ﾠ (Figure	 ﾠ 5G).	 ﾠ Thus,	 ﾠ it	 ﾠ is	 ﾠ
possible	 ﾠ to	 ﾠ encode	 ﾠ four	 ﾠ distinct	 ﾠ gene	 ﾠ expression	 ﾠ programs	 ﾠ in	 ﾠ the	 ﾠ translocation	 ﾠ
dynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF.	 ﾠ
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 ﾠ 13	 ﾠ
The	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠcontrols	 ﾠthe	 ﾠnoise	 ﾠlevel	 ﾠ	 ﾠ
Experimentally,	 ﾠwe	 ﾠobserved	 ﾠa	 ﾠstrong	 ﾠpositive	 ﾠcorrelation	 ﾠbetween	 ﾠnoise	 ﾠand	 ﾠ
the	 ﾠpromoter	 ﾠactivation	 ﾠtimescale.	 ﾠConsistent	 ﾠwith	 ﾠthis	 ﾠresult,	 ﾠin	 ﾠthe	 ﾠcase	 ﾠof	 ﾠthe	 ﾠfour	 ﾠ
in	 ﾠsilico	 ﾠpromoters	 ﾠ(Figure	 ﾠ5D–G,	 ﾠright	 ﾠand	 ﾠSupplementary	 ﾠFigure	 ﾠS8D–F),	 ﾠthe	 ﾠLF	 ﾠ
promoter	 ﾠalways	 ﾠexhibits	 ﾠlower	 ﾠnoise	 ﾠthan	 ﾠthe	 ﾠLS	 ﾠpromoter	 ﾠand	 ﾠthe	 ﾠHF	 ﾠpromoter	 ﾠ
always	 ﾠexhibits	 ﾠlower	 ﾠnoise	 ﾠthan	 ﾠthe	 ﾠHS	 ﾠpromoter.	 ﾠFurthermore,	 ﾠthe	 ﾠnoise	 ﾠlevels	 ﾠwe	 ﾠ
observe	 ﾠ for	 ﾠ the	 ﾠ slow	 ﾠ promoters	 ﾠ (Figure	 ﾠ 4)	 ﾠ are	 ﾠ substantially	 ﾠ higher	 ﾠ than	 ﾠ those	 ﾠ
typically	 ﾠseen	 ﾠin	 ﾠsteady-ﾭ‐state	 ﾠstudies	 ﾠ(Bar-ﾭ‐Even	 ﾠet	 ﾠal,	 ﾠ2006;	 ﾠNewman	 ﾠet	 ﾠal,	 ﾠ2006).	 ﾠTo	 ﾠ
understand	 ﾠwhy,	 ﾠconsider	 ﾠa	 ﾠfast	 ﾠ(HF	 ﾠor	 ﾠLF)	 ﾠand	 ﾠa	 ﾠslow	 ﾠ(LS	 ﾠor	 ﾠHS)	 ﾠpromoter	 ﾠexposed	 ﾠ
to	 ﾠa	 ﾠsingle,	 ﾠtransient	 ﾠpulse:	 ﾠfor	 ﾠall	 ﾠbut	 ﾠthe	 ﾠbriefest	 ﾠpulses,	 ﾠall	 ﾠfast	 ﾠpromoters	 ﾠin	 ﾠa	 ﾠ
population	 ﾠ will	 ﾠ activate	 ﾠ and	 ﾠ approach	 ﾠ a	 ﾠ new	 ﾠ steady	 ﾠ state,	 ﾠ whereas	 ﾠ for	 ﾠ a	 ﾠ slow	 ﾠ
promoter	 ﾠa	 ﾠsubstantial	 ﾠfraction	 ﾠwill	 ﾠnot	 ﾠeven	 ﾠactivate	 ﾠin	 ﾠresponse	 ﾠto	 ﾠa	 ﾠsustained	 ﾠ
pulse	 ﾠ(50min,	 ﾠFigure	 ﾠ6A).	 ﾠDuring	 ﾠa	 ﾠ50-ﾭ‐min	 ﾠpulse,	 ﾠthe	 ﾠfast	 ﾠpromoter	 ﾠwill	 ﾠfrequently	 ﾠ
switch	 ﾠbetween	 ﾠthe	 ﾠON	 ﾠand	 ﾠthe	 ﾠOFF	 ﾠstates,	 ﾠsuch	 ﾠthat	 ﾠalthough	 ﾠthere	 ﾠis	 ﾠvariability	 ﾠin	 ﾠ
the	 ﾠ amount	 ﾠ of	 ﾠ time	 ﾠ it	 ﾠ is	 ﾠ active	 ﾠ during	 ﾠ the	 ﾠ pulse,	 ﾠ the	 ﾠ variability	 ﾠ between	 ﾠ cells	 ﾠ is	 ﾠ
relatively	 ﾠmodest	 ﾠ(Figure	 ﾠ6B):	 ﾠall	 ﾠpromoters	 ﾠare	 ﾠactive	 ﾠfor	 ﾠat	 ﾠleast	 ﾠ10	 ﾠmin,	 ﾠbut	 ﾠnone	 ﾠ
for	 ﾠ>40	 ﾠmin.	 ﾠFor	 ﾠthe	 ﾠslow	 ﾠpromoter,	 ﾠhowever,	 ﾠ43%	 ﾠof	 ﾠcells	 ﾠfail	 ﾠto	 ﾠactivate	 ﾠat	 ﾠall	 ﾠ
(Figure	 ﾠ6B);	 ﾠand	 ﾠamong	 ﾠthe	 ﾠfraction	 ﾠthat	 ﾠdo	 ﾠactivate,	 ﾠbecause	 ﾠof	 ﾠthe	 ﾠslow	 ﾠswitching	 ﾠ
frequency,	 ﾠ the	 ﾠ variability	 ﾠ in	 ﾠ the	 ﾠ amount	 ﾠ of	 ﾠ time	 ﾠ the	 ﾠ promoter	 ﾠ is	 ﾠ active	 ﾠ is	 ﾠ huge	 ﾠ
(Figure	 ﾠ6B).	 ﾠThis	 ﾠexplains	 ﾠwhy	 ﾠslow	 ﾠpromoter	 ﾠkinetics	 ﾠleads	 ﾠto	 ﾠsuch	 ﾠhigh	 ﾠnoise.	 ﾠ
This	 ﾠis	 ﾠalso	 ﾠconsistent	 ﾠwith	 ﾠmany	 ﾠprevious	 ﾠsteady-ﾭ‐state	 ﾠstudies	 ﾠthat	 ﾠhave	 ﾠshown	 ﾠ
that	 ﾠgenes	 ﾠwith	 ﾠhigh	 ﾠtranscriptional	 ﾠburst	 ﾠfrequency	 ﾠbut	 ﾠsmall	 ﾠburst	 ﾠsizes	 ﾠexhibit	 ﾠ
lower	 ﾠnoise	 ﾠthan	 ﾠgenes	 ﾠwith	 ﾠlow	 ﾠburst	 ﾠfrequency	 ﾠbut	 ﾠlarge	 ﾠburst	 ﾠsizes	 ﾠ(Raj	 ﾠand	 ﾠvan	 ﾠ
Oudenaarden,	 ﾠ2008;	 ﾠHornung	 ﾠet	 ﾠal,	 ﾠ2012;	 ﾠLionnet	 ﾠand	 ﾠSinger,	 ﾠ2012;	 ﾠDadiani	 ﾠet	 ﾠal,	 ﾠ
2013).	 ﾠComparing	 ﾠpromoters	 ﾠwith	 ﾠthe	 ﾠsame	 ﾠmean	 ﾠexpression,	 ﾠbut	 ﾠdifferent	 ﾠkinetics,	 ﾠ
we	 ﾠfind	 ﾠthat	 ﾠnoise	 ﾠscales	 ﾠstrongly	 ﾠwith	 ﾠthe	 ﾠactivation	 ﾠtimescale	 ﾠ(Figure	 ﾠ6C).	 ﾠBut	 ﾠas	 ﾠ
the	 ﾠpulse	 ﾠduration	 ﾠapproaches	 ﾠthat	 ﾠof	 ﾠtwo	 ﾠcell	 ﾠdivisions	 ﾠ(~200	 ﾠmin,	 ﾠsteady-ﾭ‐state	 ﾠ
behavior),	 ﾠ the	 ﾠ effect	 ﾠ of	 ﾠ the	 ﾠ promoter	 ﾠ activation	 ﾠ timescale	 ﾠ on	 ﾠ noise	 ﾠ is	 ﾠ greatly	 ﾠ
reduced.	 ﾠTherefore,	 ﾠwhereas	 ﾠat	 ﾠsteady	 ﾠstate	 ﾠthe	 ﾠeffects	 ﾠof	 ﾠpromoter	 ﾠkinetics	 ﾠ(burst	 ﾠ
frequency)	 ﾠare	 ﾠmodest	 ﾠbecause	 ﾠof	 ﾠaveraging	 ﾠdue	 ﾠto	 ﾠthe	 ﾠlong	 ﾠlifetimes	 ﾠof	 ﾠproteins,	 ﾠthe	 ﾠ
consequences	 ﾠ are	 ﾠ dramatic	 ﾠ when	 ﾠ the	 ﾠ pulse	 ﾠ is	 ﾠ transient	 ﾠ (Figure	 ﾠ 6C).	 ﾠ Thus,	 ﾠ the	 ﾠ
promoter	 ﾠ activation	 ﾠ timescale	 ﾠ controls	 ﾠ noise	 ﾠ in	 ﾠ gene	 ﾠ expression	 ﾠ and	 ﾠ this	 ﾠ
underscores	 ﾠthe	 ﾠimportance	 ﾠof	 ﾠpromoter	 ﾠkinetics	 ﾠwhen	 ﾠconsidering	 ﾠtransient	 ﾠTF	 ﾠ	 ﾠ 14	 ﾠ
dynamics.	 ﾠ
	 ﾠ
Slower	 ﾠpromoter	 ﾠactivation	 ﾠleads	 ﾠto	 ﾠgreater	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠ
A	 ﾠkey	 ﾠprediction	 ﾠof	 ﾠour	 ﾠtheory	 ﾠis	 ﾠthat	 ﾠslowing	 ﾠdown	 ﾠpromoter	 ﾠactivation	 ﾠwill	 ﾠ
lead	 ﾠ to	 ﾠ higher	 ﾠ noise.	 ﾠ Since	 ﾠ TFs	 ﾠ generally	 ﾠ cannot	 ﾠ bind	 ﾠ to	 ﾠ binding	 ﾠ sites	 ﾠ in	 ﾠ the	 ﾠ
promoter	 ﾠthat	 ﾠare	 ﾠoccupied	 ﾠby	 ﾠnucleosomes	 ﾠ(Lam	 ﾠet	 ﾠal,	 ﾠ2008;	 ﾠZhou	 ﾠand	 ﾠO’Shea,	 ﾠ
2011)	 ﾠand	 ﾠnucleosome	 ﾠremoval	 ﾠoften	 ﾠaccompanies	 ﾠgene	 ﾠinduction	 ﾠ(Shivaswamy	 ﾠet	 ﾠ
al,	 ﾠ 2008;	 ﾠ Bai	 ﾠ et	 ﾠ al,	 ﾠ 2010),	 ﾠ we	 ﾠ hypothesized	 ﾠ that	 ﾠ interfering	 ﾠ with	 ﾠ chromatin	 ﾠ
remodeling	 ﾠ would	 ﾠ slow	 ﾠ down	 ﾠ promoter	 ﾠ activation.	 ﾠ To	 ﾠ test	 ﾠ this,	 ﾠ we	 ﾠ generated	 ﾠ
strains	 ﾠlacking	 ﾠeither	 ﾠthe	 ﾠ	 ﾠSWI/SNF	 ﾠ(snf6Δ)	 ﾠor	 ﾠSAGA	 ﾠ(gcn5Δ)	 ﾠchromatin	 ﾠremodeling	 ﾠ
complexes	 ﾠ(Raser	 ﾠand	 ﾠO’Shea,	 ﾠ2004)	 ﾠand	 ﾠcontaining	 ﾠthe	 ﾠSIP18	 ﾠand	 ﾠHXK1	 ﾠexpression	 ﾠ
reporters.	 ﾠ
For	 ﾠ the	 ﾠ SIP18	 ﾠ reporter,	 ﾠ both	 ﾠ complexes	 ﾠ are	 ﾠ required	 ﾠ for	 ﾠ induction	 ﾠ
(Supplementary	 ﾠ Figure	 ﾠ S9C).	 ﾠ For	 ﾠ the	 ﾠ SWI/SNF	 ﾠ and	 ﾠ SAGA	 ﾠ mutants	 ﾠ of	 ﾠ the	 ﾠ HXK1	 ﾠ
reporter	 ﾠstrain,	 ﾠthe	 ﾠexpression	 ﾠlevel	 ﾠis	 ﾠnot	 ﾠsubstantially	 ﾠaffected	 ﾠso	 ﾠwe	 ﾠrepeated	 ﾠall	 ﾠ
30	 ﾠexperiments	 ﾠ(Supplementary	 ﾠFigure	 ﾠS9A)	 ﾠand	 ﾠfit	 ﾠthe	 ﾠmodel	 ﾠ(Figure	 ﾠ2A)	 ﾠto	 ﾠthe	 ﾠ
data	 ﾠ to	 ﾠ obtain	 ﾠ parameters	 ﾠ from	 ﾠ which	 ﾠ we	 ﾠ inferred	 ﾠ the	 ﾠ amplitude	 ﾠ threshold	 ﾠ and	 ﾠ
promoter	 ﾠactivation	 ﾠtimescale	 ﾠ(Figure	 ﾠ7A).	 ﾠBoth	 ﾠmutants	 ﾠshowed	 ﾠslower	 ﾠpromoter	 ﾠ
activation	 ﾠ(Figure	 ﾠ7A)	 ﾠand	 ﾠhigher	 ﾠnoise	 ﾠ(Figure	 ﾠ7B–D)	 ﾠconsistent	 ﾠwith	 ﾠour	 ﾠprevious	 ﾠ
observations	 ﾠ(Figure	 ﾠ4)	 ﾠand	 ﾠtheoretical	 ﾠpredictions	 ﾠ(Figures	 ﾠ5	 ﾠand	 ﾠ6).	 ﾠFurthermore,	 ﾠ
as	 ﾠobserved	 ﾠfor	 ﾠthe	 ﾠnatural	 ﾠpromoters	 ﾠ(Figure	 ﾠ4C),	 ﾠthe	 ﾠslower	 ﾠHXK1	 ﾠmutants	 ﾠnow	 ﾠ
show	 ﾠhigher	 ﾠnoise	 ﾠin	 ﾠresponse	 ﾠto	 ﾠoscillatory	 ﾠthan	 ﾠsingle	 ﾠpulse	 ﾠinput,	 ﾠwhereas	 ﾠthe	 ﾠ
faster	 ﾠ WT	 ﾠ strain	 ﾠ does	 ﾠ not	 ﾠ (Figure	 ﾠ 7D).	 ﾠ Overall,	 ﾠ we	 ﾠ conclude	 ﾠ that	 ﾠ the	 ﾠ promoter	 ﾠ
activation	 ﾠtimescale	 ﾠis	 ﾠa	 ﾠkey	 ﾠdeterminant	 ﾠof	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression.	 ﾠ
	 ﾠ
Nucleosome	 ﾠ remodeling	 ﾠ dynamics	 ﾠ correlate	 ﾠ with	 ﾠ promoter	 ﾠ activation	 ﾠ
dynamics	 ﾠ
The	 ﾠ observation	 ﾠ that	 ﾠ chromatin	 ﾠ remodeling	 ﾠ complex	 ﾠ mutants	 ﾠ slow	 ﾠ down	 ﾠ
promoter	 ﾠactivation	 ﾠled	 ﾠus	 ﾠto	 ﾠhypothesize	 ﾠthat	 ﾠnucleosome	 ﾠremodeling	 ﾠmight	 ﾠbe	 ﾠ
rate	 ﾠlimiting	 ﾠfor	 ﾠpromoter	 ﾠactivation.	 ﾠTo	 ﾠtest	 ﾠthis,	 ﾠwe	 ﾠused	 ﾠmicrococcal	 ﾠnuclease	 ﾠ
digestion	 ﾠ coupled	 ﾠ with	 ﾠ high-ﾭ‐throughput	 ﾠ sequencing	 ﾠ (MNase-ﾭ‐Seq)	 ﾠ to	 ﾠ follow	 ﾠ
nucleosome	 ﾠremodeling	 ﾠdynamics	 ﾠin	 ﾠresponse	 ﾠto	 ﾠMsn2	 ﾠactivation	 ﾠ(Figure	 ﾠ7E).	 ﾠWe	 ﾠ
find	 ﾠ that	 ﾠ whereas	 ﾠ all	 ﾠ promoters	 ﾠ have	 ﾠ clearly	 ﾠ positioned	 ﾠ nucleosomes	 ﾠ initially,	 ﾠ	 ﾠ 15	 ﾠ
nucleosome	 ﾠ positioning	 ﾠ collapses	 ﾠ within	 ﾠ 5	 ﾠ min	 ﾠ for	 ﾠ the	 ﾠ fast	 ﾠ HXK1	 ﾠ and	 ﾠ DCS2	 ﾠ
promoters	 ﾠ (a	 ﾠ hallmark	 ﾠ of	 ﾠ transcriptional	 ﾠ activation;	 ﾠ Zhou	 ﾠ and	 ﾠ O’Shea,	 ﾠ 2011).	 ﾠ In	 ﾠ
contrast,	 ﾠslow	 ﾠpromoters	 ﾠsuch	 ﾠas	 ﾠSIP18	 ﾠhave	 ﾠhigher	 ﾠnucleosome	 ﾠoccupancy	 ﾠinitially	 ﾠ
and	 ﾠthe	 ﾠnucleosomes	 ﾠremain	 ﾠclearly	 ﾠpositioned	 ﾠuntil	 ﾠthe	 ﾠ20–30	 ﾠmin	 ﾠtime	 ﾠpoints	 ﾠ
which	 ﾠis	 ﾠvery	 ﾠsimilar	 ﾠto	 ﾠthe	 ﾠactivation	 ﾠtimescale	 ﾠwe	 ﾠinferred	 ﾠusing	 ﾠmodeling	 ﾠ(~25	 ﾠ
min,	 ﾠ Figure	 ﾠ 2B).	 ﾠ The	 ﾠ observed	 ﾠ correlation	 ﾠ between	 ﾠ nucleosome	 ﾠ remodeling	 ﾠ and	 ﾠ
promoter	 ﾠ activation	 ﾠ is	 ﾠ consistent	 ﾠ with	 ﾠ a	 ﾠ model	 ﾠ where	 ﾠ the	 ﾠ promoter	 ﾠ activation	 ﾠ
timescale	 ﾠis	 ﾠcontrolled	 ﾠby	 ﾠthe	 ﾠposition	 ﾠand	 ﾠstability	 ﾠof	 ﾠpromoter	 ﾠnucleosomes.	 ﾠ
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DISCUSSION	 ﾠ
Promoter	 ﾠ amplitude	 ﾠ threshold	 ﾠ and	 ﾠ activation	 ﾠ timescale	 ﾠ control	 ﾠ how	 ﾠ TF	 ﾠ
dynamics	 ﾠare	 ﾠdecoded	 ﾠ
The	 ﾠexpanding	 ﾠlist	 ﾠof	 ﾠTFs	 ﾠthat	 ﾠexhibit	 ﾠcomplicated	 ﾠdose-ﾭ‐	 ﾠand	 ﾠsignal-ﾭ‐dependent	 ﾠ
dynamics	 ﾠprompted	 ﾠus	 ﾠto	 ﾠsystematically	 ﾠinvestigate	 ﾠthe	 ﾠquantitative	 ﾠprinciples	 ﾠthat	 ﾠ
govern	 ﾠ how	 ﾠ gene	 ﾠ promoters	 ﾠ decode	 ﾠ such	 ﾠ dynamics.	 ﾠ We	 ﾠ demonstrate	 ﾠ that	 ﾠ the	 ﾠ
amplitude	 ﾠthreshold	 ﾠand	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠgovern	 ﾠhow	 ﾠTF	 ﾠdynamics	 ﾠ
are	 ﾠdecoded.	 ﾠBut	 ﾠat	 ﾠthe	 ﾠmechanistic	 ﾠlevel,	 ﾠwhat	 ﾠdetermines	 ﾠthese	 ﾠtwo	 ﾠproperties?	 ﾠ
From	 ﾠ previous	 ﾠ steady-ﾭ‐state	 ﾠ studies,	 ﾠ it	 ﾠ appears	 ﾠ that	 ﾠ the	 ﾠ amplitude	 ﾠ threshold	 ﾠ
depends	 ﾠat	 ﾠleast	 ﾠin	 ﾠpart	 ﾠon	 ﾠthe	 ﾠbinding	 ﾠaffinity	 ﾠof	 ﾠthe	 ﾠpromoter	 ﾠfor	 ﾠthe	 ﾠTF;	 ﾠthat	 ﾠis,	 ﾠthe	 ﾠ
affinity	 ﾠand	 ﾠnumber	 ﾠof	 ﾠTF	 ﾠbinding	 ﾠsites	 ﾠand	 ﾠchromatin	 ﾠstructure	 ﾠ(Lam	 ﾠet	 ﾠal,	 ﾠ2008;	 ﾠ
Sharon	 ﾠet	 ﾠal,	 ﾠ2012).	 ﾠThis	 ﾠis	 ﾠalso	 ﾠconsistent	 ﾠwith	 ﾠour	 ﾠobservations:	 ﾠLF	 ﾠpromoters	 ﾠtend	 ﾠ
to	 ﾠhave	 ﾠmultiple	 ﾠclustered	 ﾠMsn2	 ﾠbinding	 ﾠsites,	 ﾠwhereas	 ﾠRTN2	 ﾠand	 ﾠHS	 ﾠpromoters	 ﾠ
tend	 ﾠto	 ﾠhave	 ﾠonly	 ﾠone	 ﾠor	 ﾠtwo	 ﾠisolated	 ﾠsites	 ﾠ(Supplementary	 ﾠFigure	 ﾠS9D).	 ﾠMuch	 ﾠless	 ﾠis	 ﾠ
known	 ﾠabout	 ﾠwhat	 ﾠdetermines	 ﾠthe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale.	 ﾠWe	 ﾠshow	 ﾠhere	 ﾠ
that	 ﾠthe	 ﾠmodel-ﾭ‐inferred	 ﾠpromoter	 ﾠactivation	 ﾠtimescales	 ﾠlargely	 ﾠmatch	 ﾠthe	 ﾠobserved	 ﾠ
nucleosome	 ﾠremodeling	 ﾠtimescales.	 ﾠFurthermore,	 ﾠwe	 ﾠshow	 ﾠthat	 ﾠthe	 ﾠSWI/SNF	 ﾠand	 ﾠ
SAGA	 ﾠchromatin	 ﾠremodeling	 ﾠcomplexes	 ﾠare	 ﾠrequired	 ﾠfor	 ﾠthe	 ﾠinduction	 ﾠof	 ﾠSIP18	 ﾠand	 ﾠ
that	 ﾠdeleting	 ﾠthem	 ﾠsignificantly	 ﾠslows	 ﾠdown	 ﾠactivation	 ﾠof	 ﾠthe	 ﾠHXK1	 ﾠpromoter	 ﾠ(Figure	 ﾠ
7).	 ﾠTaken	 ﾠtogether,	 ﾠa	 ﾠcoarse	 ﾠgrained	 ﾠmodel	 ﾠemerges	 ﾠwhere	 ﾠthe	 ﾠamplitude	 ﾠthreshold	 ﾠ
is	 ﾠrelated	 ﾠto	 ﾠTF	 ﾠbinding	 ﾠsites	 ﾠand	 ﾠthe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠto	 ﾠnucleosome	 ﾠ
organization.	 ﾠDetailed	 ﾠmechanistic	 ﾠstudies	 ﾠare	 ﾠnow	 ﾠrequired	 ﾠto	 ﾠelucidate	 ﾠthe	 ﾠdetails	 ﾠ
of	 ﾠwhat	 ﾠdetermines	 ﾠthe	 ﾠamplitude	 ﾠthreshold	 ﾠand	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠat	 ﾠ
individual	 ﾠpromoters.	 ﾠSuch	 ﾠstudies,	 ﾠhowever,	 ﾠshould	 ﾠbe	 ﾠgreatly	 ﾠfacilitated	 ﾠby	 ﾠthe	 ﾠ	 ﾠ 16	 ﾠ
high-ﾭ‐throughput	 ﾠtechnologies	 ﾠdeveloped	 ﾠhere.	 ﾠ
	 ﾠ
Modulation	 ﾠof	 ﾠTF	 ﾠdynamics	 ﾠenables	 ﾠcontrol	 ﾠof	 ﾠgene	 ﾠexpression	 ﾠ
Using	 ﾠmathematical	 ﾠmodeling,	 ﾠwe	 ﾠpredict	 ﾠand	 ﾠexperimentally	 ﾠverify	 ﾠconditions	 ﾠ
where	 ﾠ differential	 ﾠ expression	 ﾠ of	 ﾠ two	 ﾠ promoters	 ﾠ is	 ﾠ possible	 ﾠ at	 ﾠ an	 ﾠ absolute	 ﾠ level	 ﾠ
(Figure	 ﾠ3),	 ﾠproviding	 ﾠevidence	 ﾠthat	 ﾠTF	 ﾠdynamics	 ﾠis	 ﾠan	 ﾠimportant	 ﾠmechanism	 ﾠfor	 ﾠ
control	 ﾠ of	 ﾠ gene	 ﾠ expression.	 ﾠ We	 ﾠ extend	 ﾠ this	 ﾠ result	 ﾠ to	 ﾠ four	 ﾠ promoter	 ﾠ classes	 ﾠ by	 ﾠ
showing	 ﾠtheoretically	 ﾠ(Figure	 ﾠ5D–G)	 ﾠhow	 ﾠabsolute	 ﾠdifferential	 ﾠexpression	 ﾠof	 ﾠthe	 ﾠHS,	 ﾠ
LS,	 ﾠLF,	 ﾠand	 ﾠHF	 ﾠpromoter	 ﾠclasses	 ﾠcan	 ﾠbe	 ﾠachieved	 ﾠby	 ﾠcontrolling	 ﾠonly	 ﾠTF	 ﾠdynamics.	 ﾠ
Mammalian	 ﾠTFs	 ﾠappear	 ﾠto	 ﾠbe	 ﾠconstrained	 ﾠin	 ﾠthe	 ﾠnumber	 ﾠof	 ﾠdistinct	 ﾠbinding	 ﾠsites	 ﾠ
that	 ﾠ can	 ﾠ be	 ﾠ evolved	 ﾠ (Berger	 ﾠ et	 ﾠ al,	 ﾠ 2008).	 ﾠ Thus,	 ﾠ in	 ﾠ addition	 ﾠ to	 ﾠ combinatorial	 ﾠ
regulation,	 ﾠan	 ﾠeconomical	 ﾠway	 ﾠof	 ﾠovercoming	 ﾠthis	 ﾠlimitation	 ﾠmight	 ﾠbe	 ﾠfor	 ﾠthe	 ﾠcell	 ﾠto	 ﾠ
encode	 ﾠmultiple	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF	 ﾠrather	 ﾠ
than	 ﾠevolving	 ﾠmultiple	 ﾠTFs	 ﾠwith	 ﾠdistinct	 ﾠbinding	 ﾠsite	 ﾠspecificities.	 ﾠ
	 ﾠ
Relationship	 ﾠbetween	 ﾠpromoter	 ﾠclass	 ﾠand	 ﾠstress-ﾭ‐specific	 ﾠgene	 ﾠfunction	 ﾠ
Msn2	 ﾠdynamics	 ﾠqualitatively	 ﾠdiffer	 ﾠin	 ﾠresponse	 ﾠto	 ﾠglucose	 ﾠstarvation,	 ﾠosmotic	 ﾠ
and	 ﾠoxidative	 ﾠstress	 ﾠ(Hao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠAlthough	 ﾠthe	 ﾠgenes	 ﾠin	 ﾠthis	 ﾠstudy	 ﾠwere	 ﾠ
chosen	 ﾠbecause	 ﾠtheir	 ﾠtranscriptional	 ﾠresponse	 ﾠis	 ﾠstrong	 ﾠand	 ﾠMsn2	 ﾠspecific,	 ﾠis	 ﾠthere	 ﾠa	 ﾠ
relationship	 ﾠbetween	 ﾠgene	 ﾠfunction	 ﾠand	 ﾠpromoter	 ﾠclass?	 ﾠFor	 ﾠtwo	 ﾠof	 ﾠthe	 ﾠgenes	 ﾠwe	 ﾠ
studied,	 ﾠbased	 ﾠon	 ﾠthe	 ﾠgene	 ﾠfunction,	 ﾠwe	 ﾠcan	 ﾠrationalize	 ﾠwhy	 ﾠa	 ﾠgiven	 ﾠgene	 ﾠmight	 ﾠ
belong	 ﾠto	 ﾠa	 ﾠgiven	 ﾠclass.	 ﾠFor	 ﾠexample,	 ﾠthe	 ﾠHS	 ﾠpromoter	 ﾠSIP18	 ﾠwill	 ﾠfilter	 ﾠout	 ﾠthe	 ﾠbrief	 ﾠ
pulses	 ﾠ of	 ﾠ nuclear	 ﾠ Msn2	 ﾠ during	 ﾠ glucose	 ﾠ starvation,	 ﾠ and	 ﾠ will	 ﾠ induce	 ﾠ only	 ﾠ during	 ﾠ
prolonged	 ﾠnuclear	 ﾠaccumulation	 ﾠof	 ﾠMsn2	 ﾠthat	 ﾠoccurs	 ﾠin	 ﾠoxidative	 ﾠstress,	 ﾠwhere	 ﾠthe	 ﾠ
protein	 ﾠappears	 ﾠto	 ﾠprotect	 ﾠagainst	 ﾠreactive	 ﾠoxygen	 ﾠspecies	 ﾠ(Rodriguez-ﾭ‐Porrata	 ﾠet	 ﾠal,	 ﾠ
2012).	 ﾠConversely,	 ﾠthe	 ﾠfast	 ﾠLF	 ﾠpromoter	 ﾠHXK1	 ﾠresponds	 ﾠstrongly	 ﾠto	 ﾠbrief	 ﾠpulses	 ﾠand	 ﾠ
will	 ﾠ induce	 ﾠ strongly	 ﾠ during	 ﾠ glucose	 ﾠ starvation,	 ﾠ where	 ﾠ the	 ﾠ protein	 ﾠ catalyzes	 ﾠ
phosphorylation	 ﾠ of	 ﾠ glucose	 ﾠ and	 ﾠ facilitates	 ﾠ growth	 ﾠ on	 ﾠ non-ﾭ‐fermentable	 ﾠ carbon	 ﾠ
sources	 ﾠ(Herrero	 ﾠet	 ﾠal,	 ﾠ1995).	 ﾠFor	 ﾠseveral	 ﾠof	 ﾠthe	 ﾠother	 ﾠgenes,	 ﾠthe	 ﾠfunction	 ﾠor	 ﾠstress	 ﾠ
requirement	 ﾠ is	 ﾠ unclear.	 ﾠ Thus,	 ﾠ while	 ﾠ the	 ﾠ correlation	 ﾠ between	 ﾠ gene	 ﾠ function	 ﾠ and	 ﾠ
promoter	 ﾠ class	 ﾠ is	 ﾠ intuitive	 ﾠ for	 ﾠ SIP18	 ﾠ and	 ﾠ HXK1,	 ﾠ a	 ﾠ larger	 ﾠ sample	 ﾠ size	 ﾠ will	 ﾠ be	 ﾠ
necessary	 ﾠto	 ﾠdetermine	 ﾠwhether	 ﾠthis	 ﾠcorrelation	 ﾠis	 ﾠgeneral	 ﾠrather	 ﾠthan	 ﾠanecdotal.	 ﾠ
Using	 ﾠ our	 ﾠ synthetic	 ﾠ PKAas	 ﾠ system,	 ﾠ we	 ﾠ studied	 ﾠ the	 ﾠ causal	 ﾠ input–output	 ﾠ	 ﾠ 17	 ﾠ
relationship	 ﾠ between	 ﾠ artificially	 ﾠ controlled	 ﾠ Msn2	 ﾠ dynamics	 ﾠ and	 ﾠ the	 ﾠ promoter-ﾭ‐
controlled	 ﾠ gene	 ﾠ expression	 ﾠ response.	 ﾠ However,	 ﾠ in	 ﾠ response	 ﾠ to	 ﾠ natural	 ﾠ stresses,	 ﾠ
factors	 ﾠother	 ﾠthan	 ﾠMsn2	 ﾠwill	 ﾠbe	 ﾠactivated	 ﾠand	 ﾠthe	 ﾠregulation	 ﾠmay	 ﾠbe	 ﾠpartly	 ﾠpost-ﾭ‐
transcriptional.	 ﾠThus,	 ﾠwhile	 ﾠwe	 ﾠshow	 ﾠthat	 ﾠexploiting	 ﾠthe	 ﾠfour	 ﾠpromoter	 ﾠclasses	 ﾠis	 ﾠ
sufficient	 ﾠto	 ﾠencode	 ﾠfour	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF,	 ﾠ
complementary	 ﾠ approaches	 ﾠ will	 ﾠ be	 ﾠ required	 ﾠ to	 ﾠ determine	 ﾠ how	 ﾠ much	 ﾠ of	 ﾠ the	 ﾠ
physiological	 ﾠregulation	 ﾠfor	 ﾠnatural	 ﾠstresses	 ﾠis	 ﾠpromoter	 ﾠclass	 ﾠcontrolled	 ﾠand	 ﾠhow	 ﾠ
much	 ﾠis	 ﾠpost-ﾭ‐transcriptional	 ﾠor	 ﾠMsn2	 ﾠindependent.	 ﾠ
	 ﾠ
A	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠnoise	 ﾠand	 ﾠcontrol	 ﾠof	 ﾠgene	 ﾠexpression	 ﾠ
Previous	 ﾠstudies	 ﾠon	 ﾠTF	 ﾠdynamics	 ﾠdid	 ﾠnot	 ﾠconsider	 ﾠgene	 ﾠexpression	 ﾠnoise	 ﾠ(Cai	 ﾠet	 ﾠ
al,	 ﾠ2008;	 ﾠHao	 ﾠand	 ﾠO’Shea,	 ﾠ2012).	 ﾠHere,	 ﾠwe	 ﾠprovide	 ﾠa	 ﾠlink	 ﾠbetween	 ﾠTF	 ﾠdynamics	 ﾠand	 ﾠ
control	 ﾠof	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression:	 ﾠfor	 ﾠconstant	 ﾠamplitude,	 ﾠtotal	 ﾠduration,	 ﾠand	 ﾠTF	 ﾠ
AUC,	 ﾠoscillatory	 ﾠinput	 ﾠgives	 ﾠrise	 ﾠto	 ﾠhigher	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠthan	 ﾠa	 ﾠsingle	 ﾠ
pulse.	 ﾠThis	 ﾠshows	 ﾠthat	 ﾠnoise	 ﾠdepends	 ﾠon	 ﾠTF	 ﾠdynamics	 ﾠand	 ﾠthat	 ﾠthe	 ﾠfunction	 ﾠof	 ﾠTF	 ﾠ
oscillations	 ﾠis	 ﾠunlikely	 ﾠto	 ﾠbe	 ﾠthe	 ﾠreduction	 ﾠof	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠ(Tostevin	 ﾠet	 ﾠ
al,	 ﾠ2012).	 ﾠInstead,	 ﾠgiven	 ﾠthat	 ﾠlow	 ﾠfrequency	 ﾠoscillations	 ﾠenables	 ﾠthe	 ﾠcell	 ﾠto	 ﾠinduce	 ﾠLF	 ﾠ
and	 ﾠ HF	 ﾠ promoters	 ﾠ without	 ﾠ inducing	 ﾠ LS	 ﾠ and	 ﾠ HS	 ﾠ promoters,	 ﾠ it	 ﾠ is	 ﾠ likely	 ﾠ that	 ﾠ this	 ﾠ
advantage	 ﾠof	 ﾠlow	 ﾠfrequency	 ﾠoscillations	 ﾠoverrides	 ﾠthe	 ﾠcost	 ﾠof	 ﾠhigher	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠ
expression.	 ﾠ
Furthermore,	 ﾠ noise	 ﾠ also	 ﾠ depends	 ﾠ on	 ﾠ the	 ﾠ promoter	 ﾠ class	 ﾠ —	 ﾠ the	 ﾠ slower	 ﾠ the	 ﾠ
promoter	 ﾠ activation	 ﾠ timescale,	 ﾠ the	 ﾠ greater	 ﾠ the	 ﾠ noise	 ﾠ in	 ﾠ gene	 ﾠ expression.	 ﾠ These	 ﾠ
promoter	 ﾠclass-ﾭ‐specific	 ﾠnoise	 ﾠand	 ﾠdecoding	 ﾠproperties	 ﾠhighlight	 ﾠa	 ﾠkey	 ﾠtrade-ﾭ‐off	 ﾠfor	 ﾠ
the	 ﾠcell	 ﾠ(Figure	 ﾠ8).	 ﾠAny	 ﾠsignal	 ﾠtransduction	 ﾠpathway	 ﾠhas	 ﾠto	 ﾠdistinguish	 ﾠreal	 ﾠsignals	 ﾠ
from	 ﾠnoise	 ﾠand	 ﾠtransmit	 ﾠthe	 ﾠintensity	 ﾠof	 ﾠthe	 ﾠsignal.	 ﾠThis	 ﾠinvariably	 ﾠcarries	 ﾠthe	 ﾠrisk	 ﾠof	 ﾠ
false	 ﾠsignals	 ﾠbeing	 ﾠtransmitted.	 ﾠHS	 ﾠpromoters	 ﾠhave	 ﾠfiltering	 ﾠabilities	 ﾠwhen	 ﾠdecoding	 ﾠ
signals	 ﾠand	 ﾠreliably	 ﾠfilter	 ﾠout	 ﾠsuch	 ﾠnoise	 ﾠup	 ﾠto	 ﾠa	 ﾠthreshold.	 ﾠIn	 ﾠcontrast,	 ﾠLF	 ﾠpromoters	 ﾠ
are	 ﾠ activated	 ﾠ immediately	 ﾠ and	 ﾠ transmit	 ﾠ such	 ﾠ signaling	 ﾠ noise	 ﾠ (Figure	 ﾠ 8A).	 ﾠ
Conversely,	 ﾠ HS	 ﾠ promoters	 ﾠ respond	 ﾠ strongly	 ﾠ to	 ﾠ a	 ﾠ real	 ﾠ signal,	 ﾠ but	 ﾠ with	 ﾠ high	 ﾠ gene	 ﾠ
expression	 ﾠnoise.	 ﾠLF	 ﾠpromoters,	 ﾠon	 ﾠthe	 ﾠother	 ﾠhand,	 ﾠare	 ﾠinherently	 ﾠless	 ﾠnoisy	 ﾠand	 ﾠ
respond	 ﾠreliably	 ﾠwith	 ﾠlow	 ﾠnoise	 ﾠ(Figure	 ﾠ8B).	 ﾠThus,	 ﾠthere	 ﾠis	 ﾠa	 ﾠclear	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠ
promoters	 ﾠhaving	 ﾠfiltering	 ﾠabilities	 ﾠand	 ﾠlow	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression.	 ﾠ
This	 ﾠfurther	 ﾠreveals	 ﾠthat	 ﾠthe	 ﾠcell	 ﾠfaces	 ﾠan	 ﾠimportant	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠencoding	 ﾠ	 ﾠ 18	 ﾠ
multiple	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠTF	 ﾠdynamics	 ﾠand	 ﾠhaving	 ﾠthem	 ﾠdecoded	 ﾠwith	 ﾠ
high	 ﾠfidelity	 ﾠ(low	 ﾠnoise):	 ﾠwith	 ﾠfour	 ﾠpromoter	 ﾠclasses,	 ﾠcells	 ﾠcan	 ﾠencode	 ﾠup	 ﾠto	 ﾠfour	 ﾠ
distinct	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF.	 ﾠYet,	 ﾠthe	 ﾠtwo	 ﾠslow	 ﾠ
promoter	 ﾠclasses	 ﾠ(LS	 ﾠand	 ﾠHS)	 ﾠinherently	 ﾠsuffer	 ﾠfrom	 ﾠhigh	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression,	 ﾠ
which	 ﾠseverely	 ﾠlimits	 ﾠtheir	 ﾠdecoding	 ﾠfidelity.	 ﾠ
Previous	 ﾠwork	 ﾠon	 ﾠp53	 ﾠand	 ﾠNF-ﾭ‐κB	 ﾠhave	 ﾠdivided	 ﾠtheir	 ﾠtarget	 ﾠgenes	 ﾠinto	 ﾠ‘early’	 ﾠ
versus	 ﾠ‘late’	 ﾠcategories	 ﾠdepending	 ﾠon	 ﾠtheir	 ﾠqPCR-ﾭ‐measured	 ﾠinduction	 ﾠdynamics	 ﾠ(Tay	 ﾠ
et	 ﾠal,	 ﾠ2010;	 ﾠPurvis	 ﾠet	 ﾠal,	 ﾠ2012).	 ﾠIn	 ﾠthe	 ﾠcase	 ﾠof	 ﾠp53,	 ﾠthe	 ﾠlate	 ﾠgenes	 ﾠare	 ﾠassociated	 ﾠwith	 ﾠ
terminal	 ﾠcell	 ﾠfates	 ﾠsuch	 ﾠas	 ﾠsenescence	 ﾠand	 ﾠapoptosis	 ﾠ(Purvis	 ﾠet	 ﾠal,	 ﾠ2012).	 ﾠThe	 ﾠresults	 ﾠ
presented	 ﾠhere	 ﾠwould	 ﾠplace	 ﾠthese	 ﾠ‘late’	 ﾠgenes	 ﾠin	 ﾠthe	 ﾠHS	 ﾠor	 ﾠLS	 ﾠclasses	 ﾠand	 ﾠpredict	 ﾠ
that	 ﾠthey	 ﾠwould	 ﾠfilter	 ﾠout	 ﾠthe	 ﾠsporadic	 ﾠpulses	 ﾠthat	 ﾠhave	 ﾠbeen	 ﾠshown	 ﾠto	 ﾠoccur	 ﾠin	 ﾠ
cycling	 ﾠ cells	 ﾠ (Loewer	 ﾠ et	 ﾠ al,	 ﾠ 2010)	 ﾠ and	 ﾠ thereby	 ﾠ avoid	 ﾠ the	 ﾠ aberrant	 ﾠ induction	 ﾠ of	 ﾠ
apoptosis,	 ﾠbut	 ﾠalso	 ﾠthat	 ﾠthey	 ﾠwould	 ﾠsuffer	 ﾠfrom	 ﾠhigh	 ﾠnoise	 ﾠin	 ﾠgene	 ﾠexpression	 ﾠwhen	 ﾠ
actually	 ﾠinduced.	 ﾠSince	 ﾠthe	 ﾠfailure	 ﾠto	 ﾠinduce	 ﾠthese	 ﾠterminal	 ﾠcell	 ﾠfate	 ﾠgenes	 ﾠcould	 ﾠ
result	 ﾠ in	 ﾠ the	 ﾠ development	 ﾠ of	 ﾠ cancer	 ﾠ and	 ﾠ the	 ﾠ death	 ﾠ of	 ﾠ the	 ﾠ organism,	 ﾠ this	 ﾠ further	 ﾠ
underscores	 ﾠ how	 ﾠ serious	 ﾠ this	 ﾠ trade-ﾭ‐off	 ﾠ between	 ﾠ noise	 ﾠ and	 ﾠ control	 ﾠ of	 ﾠ gene	 ﾠ
expression	 ﾠcan	 ﾠbe	 ﾠ(Figure	 ﾠ8).	 ﾠ
One	 ﾠof	 ﾠthe	 ﾠcentral	 ﾠchallenges	 ﾠthat	 ﾠthe	 ﾠcell	 ﾠfaces	 ﾠis	 ﾠhow	 ﾠto	 ﾠtransmit	 ﾠinformation	 ﾠ
in	 ﾠsuch	 ﾠa	 ﾠway	 ﾠthat	 ﾠthe	 ﾠdesired	 ﾠresponses	 ﾠare	 ﾠelicited.	 ﾠSystems	 ﾠengineering	 ﾠfaces	 ﾠ
much	 ﾠthe	 ﾠsame	 ﾠchallenge.	 ﾠWe	 ﾠshow	 ﾠhere	 ﾠthat	 ﾠindividual	 ﾠpromoters	 ﾠcan	 ﾠserve	 ﾠas	 ﾠ
discrete	 ﾠsignal-ﾭ‐processing	 ﾠmodules	 ﾠthat	 ﾠthe	 ﾠcell	 ﾠcan	 ﾠexploit	 ﾠto	 ﾠdecode	 ﾠTF	 ﾠdynamics:	 ﾠ
by	 ﾠtuning	 ﾠtheir	 ﾠamplitude	 ﾠthreshold	 ﾠpromoters	 ﾠcan	 ﾠfilter	 ﾠout	 ﾠlow	 ﾠamplitude	 ﾠinput	 ﾠ
(SIP18),	 ﾠ simply	 ﾠ integrate	 ﾠ the	 ﾠ signal	 ﾠ (DCS2	 ﾠ before	 ﾠ saturation)	 ﾠ or	 ﾠ filter	 ﾠ out	 ﾠ high	 ﾠ
amplitude	 ﾠ input	 ﾠ (DCS2	 ﾠ after	 ﾠ saturation);	 ﾠ by	 ﾠ tuning	 ﾠ their	 ﾠ promoter	 ﾠ activation	 ﾠ
timescale	 ﾠ promoters	 ﾠ can	 ﾠ serve	 ﾠ as	 ﾠ high-ﾭ‐pass	 ﾠ filters	 ﾠ (low	 ﾠ frequency	 ﾠ TF	 ﾠ input	 ﾠ is	 ﾠ
filtered	 ﾠ out),	 ﾠ signal	 ﾠ integrators	 ﾠ (fast	 ﾠ promoters),	 ﾠ or	 ﾠ duration	 ﾠ filters	 ﾠ (slow	 ﾠ
promoters).	 ﾠ Furthermore,	 ﾠ we	 ﾠ connect	 ﾠ each	 ﾠ signal-ﾭ‐processing	 ﾠ module	 ﾠ (promoter	 ﾠ
class)	 ﾠwith	 ﾠsignal	 ﾠdecoding	 ﾠfidelity:	 ﾠthe	 ﾠability	 ﾠto	 ﾠfilter	 ﾠout	 ﾠshort	 ﾠduration	 ﾠand	 ﾠlow	 ﾠ
frequency	 ﾠ TF	 ﾠ input	 ﾠ comes	 ﾠ at	 ﾠ the	 ﾠ cost	 ﾠ of	 ﾠ high	 ﾠ noise	 ﾠ in	 ﾠ gene	 ﾠ expression.	 ﾠ Hence,	 ﾠ
although	 ﾠ the	 ﾠ cell	 ﾠ can	 ﾠ choose	 ﾠ between	 ﾠ several	 ﾠ distinct	 ﾠ signal-ﾭ‐processing	 ﾠ modules	 ﾠ
when	 ﾠdecoding	 ﾠTF	 ﾠdynamics,	 ﾠthere	 ﾠis	 ﾠa	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠnoise	 ﾠand	 ﾠcontrol	 ﾠof	 ﾠgene	 ﾠ
expression.	 ﾠ	 ﾠ 19	 ﾠ
Materials	 ﾠand	 ﾠmethods	 ﾠ
Strains	 ﾠ
The	 ﾠyeast	 ﾠstrains	 ﾠused	 ﾠin	 ﾠthis	 ﾠstudy	 ﾠare	 ﾠin	 ﾠthe	 ﾠW303	 ﾠbackground	 ﾠand	 ﾠa	 ﾠfull	 ﾠlist	 ﾠ
can	 ﾠ be	 ﾠ found	 ﾠ in	 ﾠ Supplementary	 ﾠ Table	 ﾠ S1.	 ﾠ Full	 ﾠ details	 ﾠ on	 ﾠ strain	 ﾠ construction	 ﾠ are	 ﾠ
given	 ﾠin	 ﾠSupplementary	 ﾠinformation.	 ﾠ	 ﾠ	 ﾠ
	 ﾠ
Microarray	 ﾠanalysis	 ﾠand	 ﾠreporter	 ﾠgene	 ﾠselection	 ﾠ
To	 ﾠ determine	 ﾠ the	 ﾠ transcriptional	 ﾠ target	 ﾠ genes	 ﾠ of	 ﾠ Msn2,	 ﾠ genome-ﾭ‐wide	 ﾠ gene	 ﾠ
expression	 ﾠlevels	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ3	 ﾠμM	 ﾠof	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠwere	 ﾠanalyzed	 ﾠin	 ﾠa	 ﾠdiploid	 ﾠMsn2-ﾭ‐
mCherry	 ﾠ strain	 ﾠ and	 ﾠ compared	 ﾠ with	 ﾠ a	 ﾠ diploid	 ﾠ msn2Δ	 ﾠ strain.	 ﾠ Cells	 ﾠ were	 ﾠ grown	 ﾠ
overnight	 ﾠto	 ﾠan	 ﾠOD600	 ﾠnm	 ﾠof	 ﾠ0.15	 ﾠand	 ﾠ1-ﾭ‐NMPP1	 ﾠwas	 ﾠadded	 ﾠto	 ﾠa	 ﾠfinal	 ﾠconcentration	 ﾠof	 ﾠ
3	 ﾠµM.	 ﾠCells	 ﾠwere	 ﾠharvested	 ﾠat	 ﾠtime	 ﾠpoints	 ﾠ0,	 ﾠ10,	 ﾠ20,	 ﾠand	 ﾠ40	 ﾠmin	 ﾠand	 ﾠRNA	 ﾠextraction,	 ﾠ
cDNA	 ﾠ synthesis,	 ﾠ microarray	 ﾠ hybridization	 ﾠ (Agilent	 ﾠ 8_15	 ﾠ K	 ﾠ S.	 ﾠ cerevisiae	 ﾠ two-ﾭ‐
colorarrays),	 ﾠand	 ﾠdata	 ﾠnormalization	 ﾠperformed	 ﾠas	 ﾠpreviously	 ﾠdescribed	 ﾠ(Zhou	 ﾠand	 ﾠ
O’Shea,	 ﾠ2011).	 ﾠGenes	 ﾠthat	 ﾠshowed	 ﾠat	 ﾠleast	 ﾠfive-ﾭ‐fold	 ﾠupregulation	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ1-ﾭ‐
NM-ﾭ‐PP1	 ﾠ in	 ﾠ the	 ﾠ Msn2-ﾭ‐mCherry	 ﾠ diploid,	 ﾠ but	 ﾠ no	 ﾠ expression	 ﾠ change	 ﾠ in	 ﾠ the	 ﾠ msn2Δ	 ﾠ
diploid	 ﾠ (Supplementary	 ﾠ Figure	 ﾠ S1C)	 ﾠ and	 ﾠ no	 ﾠ serious	 ﾠ deletion	 ﾠ phenotype	 ﾠ were	 ﾠ
selected	 ﾠand	 ﾠtheir	 ﾠendogenous	 ﾠORF	 ﾠreplaced	 ﾠby	 ﾠSCFP3A	 ﾠor	 ﾠmCitrineV163A	 ﾠfollowed	 ﾠ
by	 ﾠ the	 ﾠ ADH1	 ﾠ terminator	 ﾠ and	 ﾠ dual-ﾭ‐reporter	 ﾠ diploids	 ﾠ formed	 ﾠ by	 ﾠ mating.	 ﾠ Of	 ﾠ these	 ﾠ
diploid	 ﾠstrains,	 ﾠseven	 ﾠshowed	 ﾠstrong	 ﾠenough	 ﾠexpression	 ﾠfor	 ﾠreliable	 ﾠdetection	 ﾠby	 ﾠ
microscopy.	 ﾠAll	 ﾠseven	 ﾠpromoters	 ﾠare	 ﾠknown	 ﾠto	 ﾠdirectly	 ﾠbind	 ﾠMsn2	 ﾠ(Huebert	 ﾠet	 ﾠal,	 ﾠ
2012).	 ﾠFull	 ﾠdetails	 ﾠare	 ﾠgiven	 ﾠin	 ﾠSupplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Microfluidic	 ﾠdevice	 ﾠ	 ﾠ
The	 ﾠ high-ﾭ‐throughput	 ﾠ device	 ﾠ developed	 ﾠ here	 ﾠ was	 ﾠ loosely	 ﾠ inspired	 ﾠ by	 ﾠ a	 ﾠ
previously	 ﾠreported	 ﾠlow-ﾭ‐throughput	 ﾠdevice	 ﾠ(Hersen	 ﾠet	 ﾠal,	 ﾠ2008).	 ﾠBriefly,	 ﾠthe	 ﾠSU8	 ﾠ
master	 ﾠ wafer	 ﾠ was	 ﾠ fabricated	 ﾠ using	 ﾠ standard	 ﾠ photolithography	 ﾠ technology	 ﾠ and	 ﾠ
custom	 ﾠtransparency	 ﾠmasks	 ﾠand	 ﾠthe	 ﾠPDMS-ﾭ‐based	 ﾠmicrofluidic	 ﾠdevice	 ﾠproduced	 ﾠby	 ﾠ
replica	 ﾠ molding	 ﾠ using	 ﾠ standard	 ﾠ soft	 ﾠ lithography	 ﾠ techniques.	 ﾠ Each	 ﾠ microfluidic	 ﾠ
channel	 ﾠ has	 ﾠ a	 ﾠ width	 ﾠ of	 ﾠ 400	 ﾠ µm	 ﾠ and	 ﾠ a	 ﾠ height	 ﾠ of	 ﾠ ca.	 ﾠ 111µm.	 ﾠ The	 ﾠ design	 ﾠ for	 ﾠ the	 ﾠ
transparency	 ﾠ mask	 ﾠ is	 ﾠ available	 ﾠ upon	 ﾠ request.	 ﾠ Full	 ﾠ details	 ﾠ are	 ﾠ given	 ﾠ in	 ﾠ
Supplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Time-ﾭ‐lapse	 ﾠmicroscopy	 ﾠ	 ﾠ
Yeast	 ﾠcells	 ﾠwere	 ﾠgrown	 ﾠovernight	 ﾠat	 ﾠ30°C	 ﾠto	 ﾠan	 ﾠOD600	 ﾠnm	 ﾠof	 ﾠ0.1,	 ﾠquickly	 ﾠcollected	 ﾠ
by	 ﾠfiltration	 ﾠand	 ﾠloaded	 ﾠinto	 ﾠa	 ﾠmicrofluidic	 ﾠdevice	 ﾠpre-ﾭ‐treated	 ﾠwith	 ﾠconcanavalin	 ﾠA.	 ﾠ
Five	 ﾠ3-ﾭ‐way	 ﾠelectrovalves	 ﾠ(LFYA1228032H	 ﾠY-ﾭ‐valve	 ﾠin	 ﾠperfluoroelastomer,	 ﾠthe	 ﾠLee	 ﾠ
Company)	 ﾠcontrol	 ﾠwhether	 ﾠnormal	 ﾠmedium	 ﾠor	 ﾠmedium	 ﾠwith	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠis	 ﾠdelivered	 ﾠ
to	 ﾠeach	 ﾠof	 ﾠthe	 ﾠfive	 ﾠmicrofluidic	 ﾠchannels	 ﾠand	 ﾠthe	 ﾠflow	 ﾠ(ca.	 ﾠ1	 ﾠμl/s	 ﾠper	 ﾠchannel)	 ﾠdriven	 ﾠ
by	 ﾠgravity.	 ﾠThe	 ﾠvalves	 ﾠcan	 ﾠbe	 ﾠcomputationally	 ﾠswitched	 ﾠwithin	 ﾠmilliseconds	 ﾠand	 ﾠthe	 ﾠ
medium	 ﾠinside	 ﾠthe	 ﾠmicrofluidic	 ﾠchannel	 ﾠchanged	 ﾠwithin	 ﾠseconds.	 ﾠThe	 ﾠdevice	 ﾠwas	 ﾠ
loaded	 ﾠon	 ﾠa	 ﾠZeiss	 ﾠAxioObserver	 ﾠZ1	 ﾠinverted	 ﾠmicroscope	 ﾠwith	 ﾠan	 ﾠEM-ﾭ‐CCD	 ﾠcamera	 ﾠ
and	 ﾠ the	 ﾠ entire	 ﾠ system	 ﾠ was	 ﾠ kept	 ﾠ at	 ﾠ 30°C.	 ﾠ Images	 ﾠ were	 ﾠ acquired	 ﾠ with	 ﾠ an	 ﾠ oil-ﾭ‐
immersion	 ﾠ objective	 ﾠ (63x,	 ﾠ NA	 ﾠ 1.4,	 ﾠ oil	 ﾠ Ph3,	 ﾠ Plan-ﾭ‐Apochromat)	 ﾠ with	 ﾠ 2.5	 ﾠ min	 ﾠ
resolution	 ﾠ for	 ﾠ 64	 ﾠ frames.	 ﾠ The	 ﾠ automated	 ﾠ microscope	 ﾠ stage	 ﾠ moves	 ﾠ between	 ﾠ the	 ﾠ
positions,	 ﾠmaintains	 ﾠfocus,	 ﾠand	 ﾠacquires	 ﾠphase	 ﾠcontrast,	 ﾠYFP,	 ﾠCFP,	 ﾠiRFP,	 ﾠand	 ﾠRFP	 ﾠ
images.	 ﾠTo	 ﾠmonitor	 ﾠMsn2-ﾭ‐mCherry	 ﾠnuclear	 ﾠlocalization,	 ﾠa	 ﾠz-ﾭ‐stack	 ﾠseries	 ﾠ(focal	 ﾠplane	 ﾠ
±1.75	 ﾠmm)	 ﾠwas	 ﾠacquired.	 ﾠThe	 ﾠelectrovalves	 ﾠwere	 ﾠprogrammed	 ﾠwith	 ﾠcustom-ﾭ‐written	 ﾠ	 ﾠ 20	 ﾠ
software	 ﾠ (MATLAB)	 ﾠ that	 ﾠ is	 ﾠ available	 ﾠ upon	 ﾠ request.	 ﾠ Full	 ﾠ details	 ﾠ are	 ﾠ given	 ﾠ in	 ﾠ
Supplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Image	 ﾠanalysis	 ﾠ
Image	 ﾠanalysis	 ﾠwas	 ﾠperformed	 ﾠusing	 ﾠcustom-ﾭ‐written	 ﾠsoftware	 ﾠ(MATLAB)	 ﾠthat	 ﾠ
automatically	 ﾠ segments,	 ﾠ tracks,	 ﾠ and	 ﾠ quantifies	 ﾠ single	 ﾠ cells.	 ﾠ Briefly,	 ﾠ the	 ﾠ cell	 ﾠ
segmentation	 ﾠalgorithm	 ﾠfits	 ﾠthe	 ﾠbest	 ﾠellipse	 ﾠfrom	 ﾠa	 ﾠlibrary	 ﾠto	 ﾠthe	 ﾠcell	 ﾠboundary.	 ﾠThe	 ﾠ
background	 ﾠ subtraction	 ﾠ algorithm	 ﾠ uses	 ﾠ the	 ﾠ mode	 ﾠ in	 ﾠ each	 ﾠ channel.	 ﾠ The	 ﾠ tracking	 ﾠ
algorithm	 ﾠproceeds	 ﾠby	 ﾠmatching	 ﾠclosest	 ﾠcells	 ﾠbetween	 ﾠframes	 ﾠsubject	 ﾠto	 ﾠa	 ﾠseries	 ﾠof	 ﾠ
constraints.	 ﾠ The	 ﾠ nucleus	 ﾠ is	 ﾠ segmented	 ﾠ by	 ﾠ thresholding	 ﾠ the	 ﾠ NHP6a-ﾭ‐iRFP	 ﾠ nuclear	 ﾠ
marker.	 ﾠ Quantification	 ﾠ of	 ﾠ nuclear	 ﾠ Msn2-ﾭ‐mCherry	 ﾠ is	 ﾠ done	 ﾠ by	 ﾠ considering	 ﾠ the	 ﾠ
brightest	 ﾠ pixels	 ﾠ in	 ﾠ a	 ﾠ maximum-ﾭ‐intensity	 ﾠ projection	 ﾠ of	 ﾠ an	 ﾠ Msn2-ﾭ‐mCherry	 ﾠ z-ﾭ‐stack	 ﾠ
series.	 ﾠCFP	 ﾠ(SCFP3A)	 ﾠand	 ﾠYFP	 ﾠ(mCitrineV163A)	 ﾠreporter	 ﾠexpression	 ﾠwas	 ﾠadjusted	 ﾠ
for	 ﾠphotobleaching	 ﾠand	 ﾠquantified	 ﾠas	 ﾠthe	 ﾠmean	 ﾠpixel	 ﾠintensity	 ﾠof	 ﾠthe	 ﾠentire	 ﾠcell.	 ﾠThe	 ﾠ
image	 ﾠ analysis	 ﾠ code	 ﾠ is	 ﾠ available	 ﾠ upon	 ﾠ request.	 ﾠ Full	 ﾠ details	 ﾠ are	 ﾠ given	 ﾠ in	 ﾠ
Supplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Deterministic	 ﾠmodel	 ﾠ(Figure	 ﾠ2A)	 ﾠ
The	 ﾠmodel	 ﾠ(Figure	 ﾠ2A)	 ﾠconsists	 ﾠof	 ﾠthe	 ﾠthree	 ﾠpromoter	 ﾠstates,	 ﾠmRNA,	 ﾠpre-ﾭ‐mature	 ﾠ
YFP	 ﾠ and	 ﾠ mature	 ﾠ YFP,	 ﾠ and	 ﾠ is	 ﾠ described	 ﾠ by	 ﾠ the	 ﾠ following	 ﾠ six	 ﾠ ordinary	 ﾠ differential	 ﾠ
equations:	 ﾠ
	 ﾠ
The	 ﾠinput	 ﾠfunction	 ﾠis	 ﾠ[Msn2(t)],	 ﾠwhich	 ﾠis	 ﾠa	 ﾠcontinuous	 ﾠfunction	 ﾠthat	 ﾠdescribes	 ﾠ
how	 ﾠMsn2	 ﾠnuclear	 ﾠlocalization	 ﾠchanges	 ﾠwith	 ﾠtime	 ﾠand	 ﾠthe	 ﾠoutput	 ﾠis	 ﾠmYFP.	 ﾠA	 ﾠfull	 ﾠ
discussion	 ﾠ of	 ﾠ the	 ﾠ model	 ﾠ and	 ﾠ how	 ﾠ the	 ﾠ fitting	 ﾠ was	 ﾠ performed	 ﾠ is	 ﾠ given	 ﾠ in	 ﾠ
Supplementary	 ﾠ information.	 ﾠ The	 ﾠ parameters	 ﾠ for	 ﾠ each	 ﾠ promoter	 ﾠ are	 ﾠ listed	 ﾠ in	 ﾠ
Supplementary	 ﾠTable	 ﾠS2.	 ﾠ
	 ﾠ
Gene	 ﾠexpression	 ﾠnoise	 ﾠdefinitions	 ﾠ
Following	 ﾠthe	 ﾠdual-ﾭ‐reporter	 ﾠconvention	 ﾠfor	 ﾠtwo	 ﾠreporters	 ﾠx	 ﾠand	 ﾠy	 ﾠ(Elowitz	 ﾠet	 ﾠal,	 ﾠ	 ﾠ 21	 ﾠ
2002),	 ﾠthe	 ﾠtotal,	 ﾠextrinsic,	 ﾠand	 ﾠintrinsic	 ﾠnoise	 ﾠare	 ﾠdefined	 ﾠas:	 ﾠ
	 ﾠ
where	 ﾠthe	 ﾠangled	 ﾠbrackets	 ﾠdenote	 ﾠaveraging	 ﾠover	 ﾠthe	 ﾠentire	 ﾠcell	 ﾠpopulation.	 ﾠIn	 ﾠ
all	 ﾠcases	 ﾠwhere	 ﾠnoise	 ﾠis	 ﾠreported	 ﾠin	 ﾠthis	 ﾠstudy,	 ﾠthe	 ﾠnoise	 ﾠis	 ﾠthe	 ﾠmean	 ﾠof	 ﾠmultiple	 ﾠtime	 ﾠ
points	 ﾠafter	 ﾠthe	 ﾠgene	 ﾠexpression	 ﾠtrace	 ﾠhas	 ﾠreached	 ﾠits	 ﾠplateau.	 ﾠFor	 ﾠthe	 ﾠdual-ﾭ‐reporter	 ﾠ
system	 ﾠ to	 ﾠ work,	 ﾠ the	 ﾠ CFP	 ﾠ and	 ﾠ YFP	 ﾠ reporters	 ﾠ must	 ﾠ be	 ﾠ statistically	 ﾠ identically	 ﾠ
distributed.	 ﾠ Due	 ﾠ to	 ﾠ inherent	 ﾠ differences	 ﾠ in	 ﾠ brightness	 ﾠ and	 ﾠ exposure	 ﾠ times,	 ﾠ it	 ﾠ is	 ﾠ
necessary	 ﾠ to	 ﾠ rescale	 ﾠ the	 ﾠ CFP	 ﾠ values	 ﾠ by	 ﾠ multiplication	 ﾠ of	 ﾠ a	 ﾠ constant	 ﾠ factor.	 ﾠ This	 ﾠ
resulted	 ﾠin	 ﾠthe	 ﾠCFP	 ﾠand	 ﾠYFP	 ﾠreporters	 ﾠhaving	 ﾠthe	 ﾠsame	 ﾠmean	 ﾠand	 ﾠdistributions.	 ﾠ
	 ﾠ
In	 ﾠvivo	 ﾠnucleosome	 ﾠmapping	 ﾠ(MNase-ﾭ‐Seq)	 ﾠ
Cells	 ﾠwere	 ﾠgrown	 ﾠovernight	 ﾠto	 ﾠan	 ﾠOD600	 ﾠnm	 ﾠof	 ﾠ0.15	 ﾠand	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠwas	 ﾠadded	 ﾠto	 ﾠa	 ﾠ
final	 ﾠconcentration	 ﾠof	 ﾠ3	 ﾠμM.	 ﾠCells	 ﾠwere	 ﾠharvested	 ﾠat	 ﾠtime	 ﾠpoints	 ﾠ0,	 ﾠ5,	 ﾠ10,	 ﾠ20,	 ﾠ30,	 ﾠand	 ﾠ
40	 ﾠ min.	 ﾠ Crosslinking,	 ﾠ lysis,	 ﾠ MNase	 ﾠ digestion,	 ﾠ mononucleosome	 ﾠ purification,	 ﾠ and	 ﾠ
sequencing	 ﾠlibrary	 ﾠpreparation	 ﾠwere	 ﾠperformed	 ﾠas	 ﾠpreviously	 ﾠdescribed	 ﾠ(Zhou	 ﾠand	 ﾠ
O’Shea,	 ﾠ2011).	 ﾠPaired-ﾭ‐end	 ﾠlibraries	 ﾠwere	 ﾠsequenced	 ﾠon	 ﾠan	 ﾠIllumina	 ﾠHiseq	 ﾠ2000	 ﾠand	 ﾠ
bioinformatic	 ﾠanalysis	 ﾠperformed	 ﾠusing	 ﾠPerl,	 ﾠPython,	 ﾠand	 ﾠMATLAB.	 ﾠFull	 ﾠdetails	 ﾠare	 ﾠ
given	 ﾠin	 ﾠSupplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Synthesis	 ﾠof	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ
1-ﾭ‐NM-ﾭ‐PP1	 ﾠwas	 ﾠsynthesized	 ﾠfrom	 ﾠ1-ﾭ‐naphthaleneacetic	 ﾠacid	 ﾠin	 ﾠfive	 ﾠchemical	 ﾠsteps	 ﾠ
at	 ﾠ a	 ﾠ gram-ﾭ‐scale	 ﾠ (>99%	 ﾠ pure	 ﾠ by	 ﾠ NMR)	 ﾠ using	 ﾠ standard	 ﾠ methods	 ﾠ from	 ﾠ organic	 ﾠ
synthesis.	 ﾠFull	 ﾠsynthetic	 ﾠdetails	 ﾠare	 ﾠgiven	 ﾠin	 ﾠSupplementary	 ﾠinformation.	 ﾠ
	 ﾠ	 ﾠ 22	 ﾠ
Accession	 ﾠcodes	 ﾠ	 ﾠ
Illumina	 ﾠ sequencing	 ﾠ data	 ﾠ are	 ﾠ available	 ﾠ in	 ﾠ the	 ﾠ ArrayExpress	 ﾠ database	 ﾠ
(www.ebi.ac.uk/arrayexpress)	 ﾠunder	 ﾠaccession	 ﾠnumber	 ﾠE-ﾭ‐MTAB-ﾭ‐1950.	 ﾠMicroarray	 ﾠ
data	 ﾠare	 ﾠavailable	 ﾠin	 ﾠthe	 ﾠArrayExpress	 ﾠdatabase	 ﾠunder	 ﾠaccession	 ﾠnumber	 ﾠE-ﾭ‐MTAB-ﾭ‐
1945.	 ﾠ
	 ﾠ
Supplementary	 ﾠInformation	 ﾠ
Supplementary	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FIGURE	 ﾠLEGENDS	 ﾠ
Figure	 ﾠ1	 ﾠ-ﾭ‐	 ﾠExperimental	 ﾠset-ﾭ‐up	 ﾠand	 ﾠsystematic	 ﾠdissection	 ﾠof	 ﾠhow	 ﾠdifferent	 ﾠpromoters	 ﾠ
decode	 ﾠTF	 ﾠdynamics.	 ﾠ	 ﾠ
(A)	 ﾠMicrofluidic	 ﾠset-ﾭ‐up.	 ﾠMedium	 ﾠwith	 ﾠor	 ﾠwithout	 ﾠthe	 ﾠPKAas	 ﾠinhibitor	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠis	 ﾠdelivered	 ﾠ
to	 ﾠfive	 ﾠcomputer-ﾭ‐controlled	 ﾠ3-ﾭ‐way	 ﾠelectrovalves.	 ﾠThese	 ﾠcontrol	 ﾠwhen	 ﾠand	 ﾠfor	 ﾠhow	 ﾠlong	 ﾠeach	 ﾠ
microfluidic	 ﾠchannel	 ﾠreceives	 ﾠ1-ﾭ‐NM-ﾭ‐PP1.	 ﾠSimultaneously,	 ﾠa	 ﾠ63x	 ﾠmicroscope	 ﾠobjective	 ﾠmoves	 ﾠ
between	 ﾠeach	 ﾠmicrofluidic	 ﾠchannel	 ﾠand	 ﾠrecords	 ﾠMsn2-ﾭ‐mCherry	 ﾠtranslocation	 ﾠdynamics	 ﾠand	 ﾠ
gene	 ﾠexpression	 ﾠin	 ﾠsingle	 ﾠcells.	 ﾠ	 ﾠ
(B)	 ﾠAn	 ﾠexample	 ﾠof	 ﾠan	 ﾠexperiment	 ﾠ(DDR2).	 ﾠCells	 ﾠwere	 ﾠtreated	 ﾠwith	 ﾠeight	 ﾠ5	 ﾠmin	 ﾠpulses	 ﾠof	 ﾠ1-ﾭ‐
NM-ﾭ‐PP1	 ﾠ with	 ﾠ 5	 ﾠ min	 ﾠ intervals	 ﾠ (red	 ﾠ line:	 ﾠ input	 ﾠ Msn2-ﾭ‐mCherry)	 ﾠ and	 ﾠ Msn2-ﾭ‐mCherry	 ﾠ
translocation	 ﾠdynamics	 ﾠwere	 ﾠmonitored	 ﾠin	 ﾠsingle	 ﾠdiploid	 ﾠcells	 ﾠ(black	 ﾠdots:	 ﾠraw	 ﾠdata).	 ﾠGene	 ﾠ
expression	 ﾠwas	 ﾠmonitored	 ﾠwith	 ﾠfast	 ﾠmaturing	 ﾠdual	 ﾠCFP	 ﾠ(SCFP3A)	 ﾠand	 ﾠYFP	 ﾠ(mCitrineV163A)	 ﾠ
reporters.	 ﾠ	 ﾠ
(C)	 ﾠ Systematic	 ﾠ dissection	 ﾠ of	 ﾠ how	 ﾠ different	 ﾠ promoters	 ﾠ decode	 ﾠ TF	 ﾠ dynamics.	 ﾠ Each	 ﾠ row	 ﾠ
corresponds	 ﾠto	 ﾠa	 ﾠspecific	 ﾠMsn2-ﾭ‐mCherry	 ﾠinput	 ﾠ(left,	 ﾠin	 ﾠred)	 ﾠand	 ﾠthe	 ﾠcorresponding	 ﾠgene	 ﾠ
expression	 ﾠresponse	 ﾠfor	 ﾠeach	 ﾠof	 ﾠthe	 ﾠseven	 ﾠpromoters	 ﾠis	 ﾠshown	 ﾠon	 ﾠthe	 ﾠcorresponding	 ﾠrows	 ﾠ
on	 ﾠthe	 ﾠright.	 ﾠThe	 ﾠgene	 ﾠexpression	 ﾠresponses	 ﾠfor	 ﾠeach	 ﾠpromoter	 ﾠare	 ﾠinternally	 ﾠnormalized	 ﾠto	 ﾠ
their	 ﾠmaximal	 ﾠexpression	 ﾠlevel.	 ﾠEach	 ﾠrow	 ﾠis	 ﾠthe	 ﾠper-ﾭ‐cell	 ﾠaverage	 ﾠof	 ﾠ~200–600	 ﾠcells	 ﾠfrom	 ﾠat	 ﾠ
least	 ﾠthree	 ﾠbiological	 ﾠreplicates.	 ﾠThe	 ﾠpromoter	 ﾠclassification	 ﾠis	 ﾠderived	 ﾠfrom	 ﾠtheir	 ﾠclustering	 ﾠ
(Figure	 ﾠ2B).	 ﾠThe	 ﾠfull	 ﾠdata	 ﾠsets	 ﾠare	 ﾠgiven	 ﾠin	 ﾠSupplementary	 ﾠFigure	 ﾠS1D.	 ﾠSource	 ﾠdata	 ﾠfor	 ﾠthis	 ﾠ
figure	 ﾠare	 ﾠavailable	 ﾠon	 ﾠthe	 ﾠonline	 ﾠSupplementary	 ﾠinformation	 ﾠpage.	 ﾠ
	 ﾠ
Figure	 ﾠ2	 ﾠ-ﾭ‐	 ﾠA	 ﾠmathematical	 ﾠmodel	 ﾠfor	 ﾠtranscription	 ﾠfactor-ﾭ‐activated	 ﾠgene	 ﾠexpression	 ﾠ
allows	 ﾠclustering	 ﾠof	 ﾠpromoters	 ﾠand	 ﾠdetailed	 ﾠquantitative	 ﾠcharacterization.	 ﾠ
(A)	 ﾠA	 ﾠmathematical	 ﾠmodel	 ﾠ(defined	 ﾠby	 ﾠthe	 ﾠdifferential	 ﾠequations	 ﾠin	 ﾠMaterials	 ﾠand	 ﾠmethods).	 ﾠ
Promoter-ﾭ‐specific	 ﾠparameters	 ﾠshown	 ﾠin	 ﾠgreen	 ﾠwere	 ﾠobtained	 ﾠby	 ﾠleast-ﾭ‐squares	 ﾠglobal	 ﾠfitting	 ﾠ
to	 ﾠthe	 ﾠfull	 ﾠdata	 ﾠset	 ﾠ(Supplementary	 ﾠFigure	 ﾠS1D)	 ﾠusing	 ﾠthe	 ﾠMsn2-ﾭ‐mCherry	 ﾠtraces	 ﾠas	 ﾠinput	 ﾠand	 ﾠ
the	 ﾠYFP	 ﾠtraces	 ﾠas	 ﾠoutput.	 ﾠParameters	 ﾠshown	 ﾠin	 ﾠpurple	 ﾠare	 ﾠthe	 ﾠsame	 ﾠfor	 ﾠall	 ﾠpromoters	 ﾠand	 ﾠ
were	 ﾠexperimentally	 ﾠdetermined.	 ﾠ	 ﾠ
(B)	 ﾠ Clustering	 ﾠ of	 ﾠ promoters.	 ﾠ The	 ﾠ amplitude	 ﾠ threshold	 ﾠ is	 ﾠ defined	 ﾠ as	 ﾠ the	 ﾠ nuclear	 ﾠ Msn2-ﾭ‐
mCherry	 ﾠlevel	 ﾠrequired	 ﾠto	 ﾠreach	 ﾠhalf	 ﾠthe	 ﾠPactive	 ﾠlevel	 ﾠobtained	 ﾠat	 ﾠ3	 ﾠµM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(which	 ﾠ
corresponds	 ﾠto	 ﾠthe	 ﾠmaximal	 ﾠnuclear	 ﾠMsn2-ﾭ‐mCherry	 ﾠlevel)	 ﾠand	 ﾠobtained	 ﾠby	 ﾠmathematical	 ﾠ
simulations	 ﾠusing	 ﾠthe	 ﾠmodel	 ﾠin	 ﾠ(A).	 ﾠThe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale	 ﾠis	 ﾠdefined	 ﾠas	 ﾠthe	 ﾠtime	 ﾠ
(min)	 ﾠit	 ﾠtakes	 ﾠto	 ﾠreach	 ﾠhalf	 ﾠthe	 ﾠsteady-ﾭ‐state	 ﾠPactive	 ﾠlevel	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠand	 ﾠwas	 ﾠalso	 ﾠ
obtained	 ﾠfrom	 ﾠmodel	 ﾠsimulations.	 ﾠ	 ﾠ
(C–F)	 ﾠIllustration	 ﾠof	 ﾠhow	 ﾠSIP18	 ﾠand	 ﾠDCS2	 ﾠrespond	 ﾠto	 ﾠduration,	 ﾠamplitude,	 ﾠMsn2	 ﾠAUC,	 ﾠand	 ﾠ
pulse	 ﾠnumber	 ﾠmodulation.	 ﾠIn	 ﾠall	 ﾠcases,	 ﾠthe	 ﾠdots	 ﾠrepresent	 ﾠraw	 ﾠdata	 ﾠ(the	 ﾠmaximum	 ﾠof	 ﾠthe	 ﾠ
average	 ﾠYFP	 ﾠtime	 ﾠtrace	 ﾠunder	 ﾠthe	 ﾠspecific	 ﾠconditions)	 ﾠand	 ﾠthe	 ﾠcurves	 ﾠ(lines)	 ﾠwere	 ﾠobtained	 ﾠ
from	 ﾠmathematical	 ﾠsimulations	 ﾠusing	 ﾠthe	 ﾠbest-ﾭ‐fit	 ﾠparameters	 ﾠand	 ﾠthe	 ﾠmodel	 ﾠin	 ﾠ(A).	 ﾠIn	 ﾠ(C),	 ﾠ
100	 ﾠnM,	 ﾠ275	 ﾠnM,	 ﾠ690	 ﾠnM,	 ﾠand	 ﾠ3	 ﾠμM	 ﾠare	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠconcentrations	 ﾠcorresponding	 ﾠto	 ﾠca.	 ﾠ25,	 ﾠ
50,	 ﾠ75,	 ﾠand	 ﾠ100%	 ﾠMsn2-ﾭ‐mCherry	 ﾠnuclear	 ﾠlocalization.	 ﾠIn	 ﾠ(D,	 ﾠE),	 ﾠthe	 ﾠduration	 ﾠwas	 ﾠfixed	 ﾠto	 ﾠ
10,	 ﾠ20,	 ﾠ30,	 ﾠ40,	 ﾠor	 ﾠ50	 ﾠmin	 ﾠand	 ﾠthe	 ﾠamplitude	 ﾠincreased	 ﾠuntil	 ﾠ2500	 ﾠAU.	 ﾠIn	 ﾠ(E),	 ﾠMsn2	 ﾠAUC	 ﾠis	 ﾠ
defined	 ﾠas	 ﾠthe	 ﾠtime-ﾭ‐integrated	 ﾠnuclear	 ﾠlocalization,	 ﾠthat	 ﾠis,	 ﾠthe	 ﾠarea	 ﾠunder	 ﾠthe	 ﾠcurve.	 ﾠIn	 ﾠ(F),	 ﾠ
both	 ﾠthe	 ﾠpulse	 ﾠduration	 ﾠand	 ﾠthe	 ﾠpulse	 ﾠinterval	 ﾠare	 ﾠ5	 ﾠmin.	 ﾠSee	 ﾠSupplementary	 ﾠFigures	 ﾠS2–S5	 ﾠ
for	 ﾠ full	 ﾠ comparisons	 ﾠ of	 ﾠ model	 ﾠ fitting	 ﾠ to	 ﾠ raw	 ﾠ data	 ﾠ and	 ﾠ Supplementary	 ﾠ Table	 ﾠ S2	 ﾠ for	 ﾠ
parameters.	 ﾠ Source	 ﾠ data	 ﾠ for	 ﾠ this	 ﾠ figure	 ﾠ are	 ﾠ available	 ﾠ on	 ﾠ the	 ﾠ online	 ﾠ Supplementary	 ﾠ
information	 ﾠpage.	 ﾠ
	 ﾠ
Figure	 ﾠ3	 ﾠ-ﾭ‐	 ﾠControl	 ﾠof	 ﾠTF	 ﾠdynamics	 ﾠallows	 ﾠdifferential	 ﾠgene	 ﾠexpression.	 ﾠ	 ﾠ
(A,	 ﾠB)	 ﾠThe	 ﾠleft	 ﾠcolumn	 ﾠshows	 ﾠthe	 ﾠMsn2-ﾭ‐mCherry	 ﾠinput	 ﾠand	 ﾠthe	 ﾠright	 ﾠcolumn	 ﾠshows	 ﾠthe	 ﾠ
predicted	 ﾠ gene	 ﾠ expression	 ﾠ responses	 ﾠ to	 ﾠ that	 ﾠ Msn2-ﾭ‐mCherry	 ﾠ input	 ﾠ (simulated	 ﾠ using	 ﾠ the	 ﾠ
model	 ﾠin	 ﾠFigure	 ﾠ2A)	 ﾠand	 ﾠthe	 ﾠraw	 ﾠexperimentally	 ﾠmeasured	 ﾠgene	 ﾠexpression	 ﾠdata	 ﾠfor	 ﾠthe	 ﾠ
SIP18	 ﾠand	 ﾠDCS2	 ﾠreporters	 ﾠ(per-ﾭ‐cell	 ﾠaverage	 ﾠof	 ﾠ~300–500	 ﾠcells).	 ﾠCondition	 ﾠA:	 ﾠseven	 ﾠ5	 ﾠmin	 ﾠ	 ﾠ 28	 ﾠ
pulses	 ﾠseparated	 ﾠby	 ﾠ7.95	 ﾠmin	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1.	 ﾠCondition	 ﾠB:	 ﾠa	 ﾠsingle	 ﾠ70-ﾭ‐min	 ﾠpulse	 ﾠat	 ﾠ3	 ﾠ
μM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1.	 ﾠSee	 ﾠSupplementary	 ﾠFigure	 ﾠS6	 ﾠfor	 ﾠraw	 ﾠsingle-ﾭ‐cell	 ﾠdata.	 ﾠSource	 ﾠdata	 ﾠfor	 ﾠthis	 ﾠ
figure	 ﾠare	 ﾠavailable	 ﾠon	 ﾠthe	 ﾠonline	 ﾠSupplementary	 ﾠinformation	 ﾠpage.	 ﾠ
	 ﾠ
Figure	 ﾠ 4	 ﾠ -ﾭ‐	 ﾠ Noise	 ﾠ in	 ﾠ gene	 ﾠ expression	 ﾠ depends	 ﾠ on	 ﾠ the	 ﾠ promoter	 ﾠ class	 ﾠ and	 ﾠ on	 ﾠ TF	 ﾠ
dynamics.	 ﾠ	 ﾠ
(A,	 ﾠB)	 ﾠTotal	 ﾠnoise	 ﾠ(A)	 ﾠ(σ2/μ2)	 ﾠand	 ﾠintrinsic	 ﾠ(B)	 ﾠnoise	 ﾠ(defined	 ﾠin	 ﾠMaterials	 ﾠand	 ﾠmethods)	 ﾠis	 ﾠ
plotted	 ﾠagainst	 ﾠthe	 ﾠMsn2	 ﾠAUC	 ﾠ(red,	 ﾠgreen,	 ﾠand	 ﾠblue	 ﾠdenotes	 ﾠHS	 ﾠ(SIP18,	 ﾠALD3	 ﾠand	 ﾠTKL2),	 ﾠ
RTN2,	 ﾠand	 ﾠLF	 ﾠ(DDR2,	 ﾠDCS2,	 ﾠand	 ﾠHXK1)	 ﾠpromoters,	 ﾠrespectively).	 ﾠEach	 ﾠdot	 ﾠcorresponds	 ﾠto	 ﾠ
the	 ﾠnoise	 ﾠ(mean	 ﾠnoise	 ﾠacross	 ﾠtime	 ﾠpoints	 ﾠafter	 ﾠgene	 ﾠexpression	 ﾠhas	 ﾠreached	 ﾠa	 ﾠplateau)	 ﾠfor	 ﾠa	 ﾠ
single	 ﾠexperiment:	 ﾠthat	 ﾠis,	 ﾠa	 ﾠsingle	 ﾠMsn2	 ﾠinput	 ﾠfor	 ﾠa	 ﾠsingle	 ﾠpromoter.	 ﾠ	 ﾠ
(C)	 ﾠTF	 ﾠdynamics	 ﾠand	 ﾠnoise.	 ﾠThe	 ﾠtotal	 ﾠnoise	 ﾠfor	 ﾠa	 ﾠ40-ﾭ‐min	 ﾠpulse	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(purple)	 ﾠ
is	 ﾠcompared	 ﾠwith	 ﾠthe	 ﾠtotal	 ﾠnoise	 ﾠfor	 ﾠeight	 ﾠpulses	 ﾠwith	 ﾠ5	 ﾠmin	 ﾠduration	 ﾠand	 ﾠinterval	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ
1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(orange)	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠtotal	 ﾠMsn2	 ﾠAUC	 ﾠis	 ﾠconstant.	 ﾠ	 ﾠ
(D,	 ﾠE)	 ﾠSingle-ﾭ‐cell	 ﾠYFP	 ﾠtime	 ﾠtraces	 ﾠfor	 ﾠDCS2	 ﾠand	 ﾠSIP18	 ﾠin	 ﾠresponse	 ﾠto	 ﾠa	 ﾠsingle	 ﾠ40-ﾭ‐min	 ﾠpulse	 ﾠat	 ﾠ
690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠcorresponding	 ﾠto	 ﾠthe	 ﾠorange	 ﾠbar	 ﾠgraphs	 ﾠfor	 ﾠDCS2	 ﾠand	 ﾠSIP18	 ﾠin	 ﾠ(C)	 ﾠthat	 ﾠ
are	 ﾠhighlighted	 ﾠwith	 ﾠan	 ﾠasterisk	 ﾠ(*).	 ﾠThe	 ﾠtraces	 ﾠshow	 ﾠraw	 ﾠsingle-ﾭ‐cell	 ﾠYFP	 ﾠdata	 ﾠ(smoothed	 ﾠby	 ﾠ
a	 ﾠ3-ﾭ‐point	 ﾠmoving	 ﾠaverage).	 ﾠ	 ﾠ
(F)	 ﾠYFP/CFP	 ﾠscatterplot.	 ﾠEach	 ﾠdot	 ﾠcorresponds	 ﾠto	 ﾠthe	 ﾠraw	 ﾠCFP	 ﾠ(x	 ﾠaxis)	 ﾠand	 ﾠYFP	 ﾠ(y	 ﾠaxis)	 ﾠ
fluorescence	 ﾠin	 ﾠa	 ﾠsingle	 ﾠcell	 ﾠat	 ﾠ150	 ﾠmin	 ﾠfrom	 ﾠ(D)	 ﾠand	 ﾠ(E).	 ﾠSIP18:	 ﾠred	 ﾠdots.	 ﾠDCS2:	 ﾠblue	 ﾠdots.	 ﾠ
Spread	 ﾠalong	 ﾠthe	 ﾠdiagonal	 ﾠis	 ﾠdue	 ﾠto	 ﾠextrinsic	 ﾠnoise	 ﾠeffects	 ﾠand	 ﾠspread	 ﾠorthogonal	 ﾠto	 ﾠthe	 ﾠ
diagonal	 ﾠis	 ﾠdue	 ﾠto	 ﾠintrinsic	 ﾠnoise	 ﾠeffects.	 ﾠSee	 ﾠalso	 ﾠSupplementary	 ﾠFigure	 ﾠS7	 ﾠfor	 ﾠexamples	 ﾠof	 ﾠ
bimodal	 ﾠgene	 ﾠexpression,	 ﾠnoise	 ﾠversus	 ﾠmean,	 ﾠextrinsic	 ﾠnoise	 ﾠand	 ﾠadditional	 ﾠplots.	 ﾠSource	 ﾠ
data	 ﾠfor	 ﾠthis	 ﾠfigure	 ﾠare	 ﾠavailable	 ﾠon	 ﾠthe	 ﾠonline	 ﾠSupplementary	 ﾠinformation	 ﾠpage.	 ﾠ	 ﾠ
	 ﾠ
Figure	 ﾠ5	 ﾠ-ﾭ‐	 ﾠEncoding	 ﾠfour	 ﾠgene	 ﾠexpression	 ﾠprograms	 ﾠin	 ﾠthe	 ﾠdynamics	 ﾠof	 ﾠa	 ﾠsingle	 ﾠTF.	 ﾠ	 ﾠ
(A)	 ﾠA	 ﾠsimplified	 ﾠmodel.	 ﾠ	 ﾠ
(B)	 ﾠTF	 ﾠinput	 ﾠ(left)	 ﾠand	 ﾠgene	 ﾠexpression	 ﾠoutput	 ﾠ(mRNA	 ﾠAUC,	 ﾠright)	 ﾠfor	 ﾠthe	 ﾠmodel	 ﾠin	 ﾠ(A).	 ﾠ
Nuclear	 ﾠtranslocation	 ﾠis	 ﾠmodeled	 ﾠas	 ﾠa	 ﾠstep	 ﾠfunction	 ﾠand	 ﾠgene	 ﾠexpression	 ﾠis	 ﾠquantified	 ﾠas	 ﾠthe	 ﾠ
mRNA	 ﾠAUC.	 ﾠ	 ﾠ
(C)	 ﾠAnalysis	 ﾠof	 ﾠin	 ﾠsilico	 ﾠpromoters.	 ﾠFour	 ﾠhypothetical	 ﾠpromoters	 ﾠwere	 ﾠgenerated	 ﾠin	 ﾠsilico	 ﾠand	 ﾠ
their	 ﾠsensitivity	 ﾠto	 ﾠTF	 ﾠdynamics	 ﾠanalyzed.	 ﾠParameters	 ﾠwere	 ﾠchosen	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠtimescale	 ﾠ
of	 ﾠthe	 ﾠpromoter	 ﾠtransition	 ﾠfor	 ﾠthe	 ﾠslow	 ﾠand	 ﾠfast	 ﾠpromoters	 ﾠwere	 ﾠon	 ﾠas	 ﾠsame	 ﾠorder	 ﾠas	 ﾠSIP18	 ﾠ
(~30	 ﾠ min)	 ﾠ and	 ﾠ HXK1	 ﾠ (~1	 ﾠ min),	 ﾠ respectively.	 ﾠ The	 ﾠ following	 ﾠ parameters	 ﾠ were	 ﾠ used:	 ﾠ
k1=d1=0.0167	 ﾠ(HS,	 ﾠLS),	 ﾠk1=d1=0.5	 ﾠ(HF,	 ﾠLF),	 ﾠKd=75,	 ﾠn=8	 ﾠ(HS,	 ﾠHF),	 ﾠKd=20,	 ﾠn=2.5	 ﾠ(HS,	 ﾠHF),	 ﾠk2=30	 ﾠ
(HS),	 ﾠk2=12	 ﾠ(LS),	 ﾠk2=3	 ﾠ(LF),	 ﾠk2=8	 ﾠ(HF),	 ﾠd2=0.12	 ﾠmin-ﾭ‐1(for	 ﾠall).	 ﾠ	 ﾠ
(D–G)	 ﾠDifferential	 ﾠgene	 ﾠexpression	 ﾠand	 ﾠnoise.	 ﾠFour	 ﾠconditions	 ﾠwere	 ﾠchosen	 ﾠsuch	 ﾠthat	 ﾠeach	 ﾠ
of	 ﾠthe	 ﾠfour	 ﾠpromoters	 ﾠwould	 ﾠshow	 ﾠhigher	 ﾠgene	 ﾠexpression	 ﾠ(mRNA	 ﾠAUC,	 ﾠleft	 ﾠbar	 ﾠgraph)	 ﾠthan	 ﾠ
the	 ﾠother	 ﾠthree	 ﾠunder	 ﾠone	 ﾠcondition.	 ﾠThe	 ﾠgene	 ﾠexpression	 ﾠvalues	 ﾠwere	 ﾠglobally	 ﾠnormalized	 ﾠ
to	 ﾠone,	 ﾠsuch	 ﾠthat	 ﾠthe	 ﾠdifferences	 ﾠshown	 ﾠare	 ﾠabsolute	 ﾠand	 ﾠnot	 ﾠjust	 ﾠrelative.	 ﾠThe	 ﾠmRNA	 ﾠAUC	 ﾠ
noise	 ﾠ (σ2/μ2,	 ﾠ right	 ﾠ bar	 ﾠ graph	 ﾠ in	 ﾠ D–G)	 ﾠ was	 ﾠ obtained	 ﾠ from	 ﾠ exact	 ﾠ discrete-ﾭ‐time	 ﾠ stochastic	 ﾠ
simulations	 ﾠ(105	 ﾠiterations)	 ﾠof	 ﾠthe	 ﾠmodel	 ﾠin	 ﾠ(A)	 ﾠfor	 ﾠeach	 ﾠcondition	 ﾠand	 ﾠpromoter.	 ﾠThe	 ﾠnoise	 ﾠ
y	 ﾠ axis	 ﾠ maximum	 ﾠ was	 ﾠ set	 ﾠ to	 ﾠ 1.65	 ﾠ in	 ﾠ all	 ﾠ cases	 ﾠ because	 ﾠ under	 ﾠ multiple	 ﾠ conditions	 ﾠ (e.g.,	 ﾠ
Condition	 ﾠ2	 ﾠand	 ﾠ3	 ﾠfor	 ﾠHS),	 ﾠthe	 ﾠgene	 ﾠexpression	 ﾠis	 ﾠessentially	 ﾠzero	 ﾠand	 ﾠthe	 ﾠnoise	 ﾠessentially	 ﾠ
infinite.	 ﾠFull	 ﾠsurface	 ﾠplots	 ﾠshowing	 ﾠhow	 ﾠgene	 ﾠexpression	 ﾠand	 ﾠnoise	 ﾠscale	 ﾠwith	 ﾠTF	 ﾠamplitude,	 ﾠ
nuclear	 ﾠduration,	 ﾠpulse	 ﾠduration	 ﾠand	 ﾠinterval	 ﾠcan	 ﾠbe	 ﾠfound	 ﾠin	 ﾠSupplementary	 ﾠFigure	 ﾠS8.	 ﾠA	 ﾠ
discussion	 ﾠof	 ﾠthe	 ﾠmodel	 ﾠand	 ﾠits	 ﾠsolution	 ﾠis	 ﾠgiven	 ﾠin	 ﾠSupplementary	 ﾠinformation.	 ﾠ
	 ﾠ
Figure	 ﾠ6	 ﾠ-ﾭ‐	 ﾠGene	 ﾠexpression	 ﾠnoise	 ﾠdepends	 ﾠon	 ﾠthe	 ﾠpromoter	 ﾠactivation	 ﾠtimescale.	 ﾠ	 ﾠ
(A)	 ﾠ Cumulative	 ﾠ distribution	 ﾠ function	 ﾠ (CDF)	 ﾠ versus	 ﾠ pulse	 ﾠ length.	 ﾠ The	 ﾠ CDF	 ﾠ describes	 ﾠ the	 ﾠ
proportion	 ﾠof	 ﾠcells	 ﾠthat	 ﾠactivate	 ﾠat	 ﾠleast	 ﾠonce	 ﾠduring	 ﾠa	 ﾠpulse.	 ﾠParameters:	 ﾠfast	 ﾠpromoter	 ﾠ
(k1=d1=0.5);	 ﾠslow	 ﾠpromoter	 ﾠ(k1=d1=0.0167).	 ﾠ	 ﾠ
(B)	 ﾠPromoter	 ﾠactivity	 ﾠhistogram.	 ﾠFor	 ﾠa	 ﾠ50-ﾭ‐min	 ﾠpulse,	 ﾠthe	 ﾠhistogram	 ﾠshows	 ﾠthe	 ﾠvariability	 ﾠin	 ﾠ
the	 ﾠ amount	 ﾠ of	 ﾠ time	 ﾠ the	 ﾠ fast	 ﾠ (green)	 ﾠ and	 ﾠ slow	 ﾠ (red)	 ﾠ promoters	 ﾠ are	 ﾠ active.	 ﾠ For	 ﾠ the	 ﾠ slow	 ﾠ	 ﾠ 29	 ﾠ
promoter,	 ﾠ~43%	 ﾠof	 ﾠcells	 ﾠfail	 ﾠto	 ﾠactivate	 ﾠat	 ﾠall.	 ﾠSimulated	 ﾠusing	 ﾠthe	 ﾠGillespie	 ﾠalgorithm	 ﾠ(106	 ﾠ
iterations).	 ﾠ	 ﾠ
(C)	 ﾠ Noise	 ﾠ versus	 ﾠ activation	 ﾠ timescale.	 ﾠ Using	 ﾠ the	 ﾠ model	 ﾠ in	 ﾠ (Figure	 ﾠ 5A)	 ﾠ and	 ﾠ
k1=d1=[0.0098;1.00],	 ﾠKd=20,	 ﾠn=2.5,	 ﾠk2=	 ﾠfrom	 ﾠ3	 ﾠand	 ﾠupwards,	 ﾠd2=0.12	 ﾠmin-ﾭ‐1.	 ﾠEach	 ﾠdata	 ﾠpoint	 ﾠ
is	 ﾠfrom	 ﾠdiscrete	 ﾠtime	 ﾠstochastic	 ﾠsimulations	 ﾠ(5⋅104	 ﾠiterations).	 ﾠk2	 ﾠwas	 ﾠchosen	 ﾠsuch	 ﾠthat,	 ﾠfor	 ﾠa	 ﾠ
given	 ﾠpulse	 ﾠduration,	 ﾠthe	 ﾠmean	 ﾠexpression	 ﾠis	 ﾠconstant	 ﾠfor	 ﾠall	 ﾠactivation	 ﾠtimescales.	 ﾠ
	 ﾠ
Figure	 ﾠ 7	 ﾠ -ﾭ‐	 ﾠ Slower	 ﾠ promoter	 ﾠ activation	 ﾠ kinetics	 ﾠ leads	 ﾠ to	 ﾠ greater	 ﾠ noise	 ﾠ in	 ﾠ gene	 ﾠ
expression.	 ﾠ	 ﾠ
(A)	 ﾠPromoter	 ﾠclustering	 ﾠof	 ﾠchromatin	 ﾠremodeling	 ﾠcomplex	 ﾠmutants	 ﾠ(SWI/SNF	 ﾠ(snf6Δ)	 ﾠand	 ﾠ
SAGA	 ﾠ(gcn5Δ)).	 ﾠAll	 ﾠ30	 ﾠexperiments	 ﾠ(Supplementary	 ﾠFigure	 ﾠS9A)	 ﾠwere	 ﾠrepeated	 ﾠin	 ﾠbiological	 ﾠ
triplicate	 ﾠ for	 ﾠ the	 ﾠ mutant	 ﾠ strains	 ﾠ and	 ﾠ their	 ﾠ amplitude	 ﾠ threshold	 ﾠ and	 ﾠpromoter	 ﾠactivation	 ﾠ
timescale	 ﾠobtained	 ﾠfrom	 ﾠfitting	 ﾠto	 ﾠthe	 ﾠdeterministic	 ﾠmodel	 ﾠin	 ﾠ(Figure	 ﾠ2A).	 ﾠ	 ﾠ
(B,	 ﾠC)	 ﾠTotal	 ﾠ(B)	 ﾠand	 ﾠintrinsic	 ﾠnoise	 ﾠ(C)	 ﾠHXK1	 ﾠWT,	 ﾠHXK1	 ﾠsnf6Δ	 ﾠand	 ﾠHXK1	 ﾠgcn5Δ	 ﾠstrains	 ﾠas	 ﾠa	 ﾠ
function	 ﾠof	 ﾠMsn2	 ﾠAUC.	 ﾠ	 ﾠ
(D)	 ﾠThe	 ﾠtotal	 ﾠnoise	 ﾠfor	 ﾠa	 ﾠ40-ﾭ‐min	 ﾠpulse	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(purple)	 ﾠis	 ﾠcompared	 ﾠwith	 ﾠthe	 ﾠ
total	 ﾠnoise	 ﾠfor	 ﾠeight	 ﾠpulses	 ﾠwith	 ﾠ5	 ﾠmin	 ﾠduration	 ﾠand	 ﾠinterval	 ﾠat	 ﾠ690	 ﾠnM	 ﾠ1-ﾭ‐NM-ﾭ‐PP1	 ﾠ(orange)	 ﾠ
such	 ﾠthat	 ﾠthe	 ﾠtotal	 ﾠMsn2	 ﾠAUC	 ﾠis	 ﾠconstant.	 ﾠ	 ﾠ
(E)	 ﾠNucleosome	 ﾠremodeling	 ﾠdynamics.	 ﾠPromoter	 ﾠnucleosome	 ﾠoccupancy	 ﾠin	 ﾠresponse	 ﾠto	 ﾠ3	 ﾠ
μM	 ﾠ 1-ﾭ‐NM-ﾭ‐PP1	 ﾠwas	 ﾠprofiled	 ﾠusing	 ﾠMNase-ﾭ‐Seq	 ﾠ(see	 ﾠSupplementary	 ﾠinformation).	 ﾠSee	 ﾠalso	 ﾠ
Supplementary	 ﾠFigure	 ﾠS9	 ﾠfor	 ﾠthe	 ﾠfull	 ﾠdata	 ﾠsets	 ﾠand	 ﾠadditional	 ﾠnucleosome	 ﾠdata.	 ﾠSource	 ﾠdata	 ﾠ
for	 ﾠthis	 ﾠfigure	 ﾠare	 ﾠavailable	 ﾠon	 ﾠthe	 ﾠonline	 ﾠsupplementary	 ﾠinformation	 ﾠpage.	 ﾠ
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Figure	 ﾠ8	 ﾠ-ﾭ‐	 ﾠA	 ﾠtrade-ﾭ‐off	 ﾠbetween	 ﾠnoise	 ﾠand	 ﾠcontrol	 ﾠof	 ﾠgene	 ﾠexpression.	 ﾠ	 ﾠ
(A)	 ﾠNatural	 ﾠvariation	 ﾠalong	 ﾠthe	 ﾠbaseline	 ﾠin	 ﾠa	 ﾠstress	 ﾠresponse	 ﾠsignal	 ﾠtransduction	 ﾠpathway	 ﾠ
can	 ﾠ lead	 ﾠ to	 ﾠ spurious	 ﾠ activation	 ﾠ of	 ﾠ a	 ﾠ transcription	 ﾠ factor	 ﾠ (signaling	 ﾠ noise).	 ﾠ The	 ﾠ high-ﾭ‐
threshold	 ﾠHS	 ﾠpromoter	 ﾠfilters	 ﾠout	 ﾠsuch	 ﾠnoise,	 ﾠwhereas	 ﾠthe	 ﾠfast	 ﾠLF	 ﾠpromoter	 ﾠtransmits	 ﾠsuch	 ﾠ
upstream	 ﾠnoise	 ﾠas	 ﾠa	 ﾠweak	 ﾠgene	 ﾠexpression	 ﾠresponse.	 ﾠ	 ﾠ
(B)	 ﾠA	 ﾠreal	 ﾠstress	 ﾠsignal	 ﾠis	 ﾠtransmitted	 ﾠfor	 ﾠdecoding	 ﾠby	 ﾠboth	 ﾠpromoters.	 ﾠThe	 ﾠLF	 ﾠpromoter	 ﾠis	 ﾠ
inherently	 ﾠless	 ﾠnoisy	 ﾠand	 ﾠyields	 ﾠa	 ﾠstrong	 ﾠand	 ﾠaccurate	 ﾠgene	 ﾠexpression	 ﾠresponse.	 ﾠThe	 ﾠHS	 ﾠ
promoter	 ﾠ is	 ﾠ inherently	 ﾠ noisy	 ﾠ and	 ﾠ yields	 ﾠ a	 ﾠ strong,	 ﾠ but	 ﾠ heterogenous	 ﾠ gene	 ﾠ expression	 ﾠ
response.	 ﾠ